Indoor environmental effects of vertical air temperature gradients in displacement ventilated spaces in the tropics by YU WEIJIANG
  
INDOOR ENVIRONMENTAL EFFECTS OF VERTICAL 
AIR TEMPERATURE GRADIENTS IN DISPLACEMENT 











A THESIS SUBMITTED FOR  
THE DEGREE OF DOCTOR OF PHILOSOPHY OF BUILDING SCIENCE 
 
 
DEPARTMENT OF BUILDING 




  ACKNOWLEDGEMENTS 
I would like to express my deepest gratitude to Associate Professor David Cheong Kok 
Wai for his support, supervision and guidance in my academic exploration. I also wish to 
thank my thesis committee members, Associate Professors Chandra Sekhar and Tham 
Kwok Wai, for their continuing encouragement and invaluable advice.  
My sincere appreciation goes to Professor David Wyon for his precious help and 
constructive comments on my research design and data analysis as well as Dr. Risto 
Kosonen for his support, valuable advice, expertise, and knowledge in this project. 
The generous financial support from National University of Singapore, Building and 
Construction Authority (Singapore) and the Oy Halton Group Ltd (Finland) is gratefully 
acknowledged. Many people have supported and assisted generously in one way or 
another in my research work: Mr. Tan Chow Beng, Mr. Zuraimi bin Mohd. Sultan, and 
Mr. Siew Hock Meng who have assisted in the preparation of the experiments as well as 
student assistants were involved in the research work. I would also like to express my 
appreciation to Mr. Xie YongHeng for his help, advice and friendship. 
Finally, I would like to express my sincere gratitude to my wife, Zheng XiaoHong, and 




TABLE OF CONTENTS 
ACKNOWLEDGEMENTS .............................................................................................. I 
TABLE OF CONTENTS .................................................................................................II 
SUMMARY ....................................................................................................................VII 
LIST OF TABLES ............................................................................................................X 
LIST OF FIGURES ..................................................................................................... XIII 
LIST OF SYMBOLS ................................................................................................... XVI 
CHAPTER 1 INTRODUCTION..................................................................................1 
1.1 Background ............................................................................................................1 
1.2 Research objectives................................................................................................7 
1.3 Structure of thesis ..................................................................................................9 
CHAPTER 2 LITERATURE REVIEW ...................................................................11 
2.1 Performance of a DV system...............................................................................11 
2.1.1 Temperature and humidity distribution in the space..........................................12 
2.1.2 Indoor air quality................................................................................................15 
2.1.2.1 Objective study ..........................................................................................15 
2.1.2.2 Perceived Air Quality (PAQ) study ...........................................................20 
2.1.3 Energy consumption ..........................................................................................21 
2.1.4 Thermal comfort ................................................................................................22 
2.2 Thermal comfort study in a non-uniform environment...................................27 
2.2.1 Human thermoregulation ...................................................................................27 
2.2.2 Thermal comfort in a uniform environment ......................................................28 
2.2.3 Thermal comfort in a non-uniform environment ...............................................30 
2.2.4 Effects of temperature gradients ........................................................................32 
2.3 Relevant research work in hot-humid climate ..................................................39 
2.4 Summary and identification of knowledge gap.................................................41 
CHAPTER 3 METHODOLOGY ..............................................................................44 
3.1 Research design....................................................................................................44 
 iii
3.2 Experimental design ............................................................................................46 
3.2.1 The first preliminary study.................................................................................46 
3.2.2 The second preliminary study............................................................................47 
3.2.3 The final experiment ..........................................................................................48 
3.3 Experimental facilities .........................................................................................50 
3.3.1 Instrumentation ..................................................................................................50 
3.3.2 Experimental chambers and measuring locations..............................................52 
3.3.2.1 The first preliminary study.........................................................................52 
3.3.2.2 The second preliminary study....................................................................55 
3.3.2.3 The final study ...........................................................................................57 
3.4 Methods of data collection...................................................................................59 
3.4.1 Objective measurement......................................................................................59 
3.4.2 Subjective assessment........................................................................................59 
3.5 Questionnaire .......................................................................................................60 
3.5.1 The preliminary studies......................................................................................60 
3.5.2 The final study ...................................................................................................62 
3.6 Subjects .................................................................................................................64 
3.7 Method of data analysis.......................................................................................65 
CHAPTER 4 RESULTS AND DISCUSSION OF THE PRELIMINARY STUDIES..
 ................................................................................................................66 
4.1 The first preliminary study.................................................................................66 
4.1.1 Experimental conditions ....................................................................................66 
4.1.2 Objective results.................................................................................................66 
4.1.2.1 Profiles of room air temperature ................................................................66 
4.1.2.2 Profiles of room air RH..............................................................................67 
4.1.2.3 Profiles of air velocity................................................................................68 
4.1.2.4 Profiles of turbulence.................................................................................68 
4.1.3 Subjective results ...............................................................................................69 
4.1.3.1 Overall Thermal Sensation (OTS), Overall Thermal Acceptability (OTA) 
and Percentage Dissatisfied with Overall body (OPD)..............................69 
4.1.3.2 Local Thermal Sensation (LTS) of body segments ...................................70 
4.1.3.3 Draft perception .........................................................................................71 
4.1.3.4 Perceived Air Quality (PAQ) and Sick Building Syndrome (SBS)...........71 
4.2 The second preliminary study.............................................................................73 
4.2.1 Experimental conditions ....................................................................................73 
4.2.2 Objective results.................................................................................................73 
4.2.2.1 Profiles of room air temperature ................................................................73 
 iv
4.2.2.2 Profiles of room air RH..............................................................................74 
4.2.2.3 Profiles of air velocity................................................................................75 
4.2.2.4 Profiles of turbulence.................................................................................76 
4.2.3 Subjective results ...............................................................................................76 
4.2.3.1 Overall Thermal Sensation (OTS) .............................................................76 
4.2.3.2 Overall Thermal Acceptability (OTA) and OPD.......................................77 
4.2.3.3 Local Thermal Sensation (LTS) of body segments ...................................78 
4.2.3.4 Draft perception .........................................................................................79 
4.2.3.5 Perceived Air Quality (PAQ) and SBS......................................................80 
4.2.3.5.1 Effect of temperature gradient ...............................................................80 
4.2.3.5.2 Effect of room air temperatures .............................................................81 
4.3 Review of the preliminary studies ......................................................................83 
CHAPTER 5 RESULTS AND DISCUSSION OF THE FINAL STUDY ..............85 
5.1 Objective measurement .......................................................................................85 
5.1.1 Experimental conditions ....................................................................................85 
5.1.2 Profiles of the room air temperature, velocity and RH......................................87 
5.2 Subjective assessment ..........................................................................................88 
5.2.1 Thermal sensation and comfort..........................................................................88 
5.2.1.1 Overall Thermal Sensation (OTS) vs. exposure time ................................88 
5.2.1.2 Overall Thermal Sensation (OTS) and Overall Thermal Comfort (OTC).88 
5.2.1.3 Local Thermal Sensation (LTS) of body segments ...................................91 
5.2.1.4 Fluctuation span of LTS.............................................................................95 
5.2.1.5 OTS vs. LTS ..............................................................................................97 
5.2.1.6 Local Thermal Comfort (LTC) ..................................................................99 
5.2.1.7 LTC vs. local and overall thermal sensations ..........................................102 
5.2.1.8 Discussion ................................................................................................104 
5.2.2 Percentage Dissatisfied ....................................................................................106 
5.2.2.1 Percentage Dissatisfied with Overall body (OPD) (whole-body sensation)..
 ..................................................................................................................106 
5.2.2.1.1 OPD due to warm sensation.................................................................106 
5.2.2.1.2 OPD due to cold sensation...................................................................107 
5.2.2.1.3 OPD due to both warm and cold sensations ........................................109 
5.2.2.2 Local Percentage Dissatisfied (LPD) with body segments......................110 
5.2.2.2.1 LPD with body segments due to warm sensation ................................110 
5.2.2.2.2 LPD with body segments due to cold sensation ..................................112 
5.2.2.2.3 LPD with body segments due to both warm and cold sensations........114 
5.2.2.3 Percentage Dissatisfied (PD) with any segment ......................................115 
5.2.2.3.1 PD with any segment due to warm sensation ......................................115 
5.2.2.3.2 PD with any segment due to cold sensation.........................................116 
5.2.2.3.3 PD with any segment due to both warm and cold sensations ..............118 
5.2.2.4 Probit analyses .........................................................................................120 
5.2.2.4.1 Probability dissatisfied at different room air temperatures..................120 
5.2.2.4.2 Probability dissatisfied at different thermal sensations .......................125 
5.2.2.4.3 Prediction of OPD and PD with any segment......................................127 
 v
5.2.2.5 Discussion ................................................................................................129 
5.2.3 Percentage Dissatisfied due to air movement ..................................................132 
5.2.3.1 Overall Draft Risk (ODR)........................................................................132 
5.2.3.2 Values of draft perception of different body segments............................132 
5.2.3.3 Draft perception vs. temperature gradient and room air temperature ......134 
5.2.3.4 Draft perception vs. Overall Thermal Sensation (OTS) ..........................135 
5.2.3.5 Percentage Dissatisfied due to insufficient air movement vs. Overall 
Thermal Sensation (OTS) ........................................................................136 
5.2.3.6 Draft perception vs. Local Thermal Sensation (LTS)..............................137 
5.2.3.7 Preference for air movement change .......................................................138 
5.2.3.8 Discussion ................................................................................................139 
5.2.4 Perceived Air Quality (PAQ) and Sick Building Syndrome (SBS).................141 
5.2.4.1 Air temperature, humidity and enthalpy at breathing level .....................141 
5.2.4.2 Subjective assessment of PAQ.................................................................143 
5.2.4.3 Correlations of PAQ with temperature gradient and room air temperature...
 ..................................................................................................................144 
5.2.4.4 Percentage Dissatisfied (PD) with Perceived Air Quality (PAQ) ...........146 
5.2.4.5 Sick Building Syndrome (SBS) ...............................................................148 
5.2.4.5.1 Irritations..............................................................................................148 
5.2.4.5.2 Dry air sensation ..................................................................................149 
5.2.4.5.3 Percentage Dissatisfied due to SBS .....................................................150 
5.2.4.6 Discussion ................................................................................................152 
5.3 Assessment using a thermal manikin ...............................................................154 
5.3.1 Thermal manikin..............................................................................................157 
5.3.2 Calibration of manikin-based equivalent temperature (Teq) of body segments160 
5.3.3 Manikin based equivalent temperature (Teq) ...................................................162 
5.3.4 Skin surface temperature of the manikin .........................................................163 
5.3.4.1 Effects of temperature gradient and room air temperature on skin surface 
temperature of the manikin ......................................................................163 
5.3.4.2 Effect of average skin surface temperature of the manikin on Overall 
Thermal Sensation (OTS) ........................................................................164 
5.3.4.3 Effect of fluctuation span of skin surface temperatures among body 
segments on Draft Rating (DR) and actual PD with any segment...........165 
5.3.4.4 Discussion ................................................................................................167 
CHAPTER 6 CONCLUSIONS AND FUTURE WORK.......................................169 
6.1 Review and achievement of research objectives .............................................169 
6.2 Verification of the hypotheses...........................................................................173 
6.3 Limitations..........................................................................................................175 




Appendix A Questionnaire .........................................................................................190 
Appendix A.1 Questionnaire for the preliminary studies............................................190 
Appendix A.2 Questionnaire for the final study..........................................................200 
Appendix B Details of experimental conditions .......................................................216 
Appendix B.1 Details of experimental conditions for the first preliminary study ......216 
Appendix B.2 Details of experimental conditions for the second preliminary study .217 
Appendix B.3 Details of experimental conditions for the final study.........................217 
Appendix C Profiles of the room air temperature, velocity and RH for the final  
study ........................................................................................................218 
Appendix D Overall Thermal Sensation vs. exposure time in the final study .......223 
Appendix E Summary of statistical analysis in the final study...............................225 
Appendix E.1 Summary of statistical analysis of LTS at the same air temperature...225 
Appendix E.2 Summary of statistical analysis of LTS at the same gradient ..............230 
Appendix E.3 Summary of statistical analysis of LTC at the same air temperature ..233 
Appendix E.4 Summary of statistical analysis of LTC at the same gradient..............238 
Appendix F Correlations of LTC with LTS of body segments at different values      
of OTS .....................................................................................................241 
Appendix G LPD with body segments in the final study .........................................246 
Appendix G.1 LPD with body segments due to warm sensation ................................246 
Appendix G.2 LPD with body segments due to cold sensation ..................................247 
Appendix G.3 LPD with body segments due to both warm and cold sensations........248 
Appendix H Probability dissatisfied with body segments at different values of LTS  
in the final study.....................................................................................249 
Appendix I Profiles of manikin-based Teq in the final study..................................254 
Appendix J Profiles of the manikin skin surface temperature in the final study.257 








In displacement ventilated spaces, body segments of occupants experience different micro 
environments due to thermal asymmetry. Cold discomfort on feet, ankle and leg was 
often reported with displacement ventilation systems. The maximum vertical air 
temperature gradient stipulated by current standards (ASHRAE Standard 55, 2004; ISO 
7730, 1994) limits the capability of displacement flow systems to remove heat in the 
occupied zone. On the other hand, some research findings have demonstrated that the 
acceptable temperature gradient is higher than 3 K/m (Wyon and Sandberg, 1996; Zhang 
H. et al, 2005), which conflicts with the current standards. In addition, the influence of 
vertical air temperature difference in non-uniform thermal environments is still not 
sufficiently explored. Therefore, one motivation of this study is to determine if the 
restriction can be relaxed in the tropical context. Another motivation is to broaden the 
basic knowledge of the relationship of overall thermal comfort and local thermal comfort 
of body segments in displacement ventilated spaces, especially in the tropics.  
Comprehensive subjective responses were collected from tropically acclimatized 
occupants in experimental chambers with different mock-up office layouts and analyzed 
extensively. The results demonstrated that temperature gradients had different influences 
on thermal comfort at different room temperatures and overall thermal sensations. 
Tropically acclimatized subjects accepted temperature gradient as high as 5 K/m at room 
temperature in the range of 23 to 26oC as long as they were maintained at thermally 
neutral state in terms of overall thermal comfort. These findings are an extension of 
Olesen et al (1979)’s work in which 5% occupants felt thermal discomfort at 3 K/m 
gradient.  
 viii
Probabilities dissatisfied with any segment, overall body and body segments at different 
overall thermal sensations and room air temperatures were established. Probabilities 
dissatisfied established at different values of standard effective temperature could be used 
to predict the percentage dissatisfied with overall body and percentage dissatisfied with 
any segment in displacement ventilated spaces in the tropics. 
The results from the subjective responses and thermal manikin’s study demonstrated that 
room air temperatures had greater impact than temperature gradients on local thermal 
sensation and local thermal comfort of body segments. At neutral overall thermal 
sensation, local thermal discomfort decreased with the increase of room air temperature in 
the range of 20 to 26oC.  
Both local thermal sensation and overall thermal sensation had impact on local thermal 
comfort. The correlation of overall thermal sensation with local thermal sensation 
established states that in a space served by a displacement ventilation system, overall 
thermal sensation was mainly affected by the values of local thermal sensation at the arm, 
calf, foot, back and hand. The overall thermal sensation was most sensitive to the values 
of local thermal sensation at the arm and calf. 
The study of perceived air quality demonstrated temperature gradients had no significant 
impact on perceived air quality and sick building syndrome. This implies that a 
temperature gradient of 5 K/m would not have detrimental effects for tropically 
acclimatized occupants in terms of perceived air quality and sick building syndrome. 
Odor intensity and perceived air quality acceptability are not significantly affected by 
room air temperatures. Air dryness, irritations and freshness decreased with the increase 
of room air temperature.  
 ix
The relationship established in this study among local thermal comfort, vertical 
temperature gradients and room air temperature at different overall thermal sensations 
would help practitioners to properly design displacement ventilation system in the tropics 
with holistic consideration of thermal comfort, perceived air quality and energy saving. In 
addition, this study provides a better understanding how overall thermal sensation 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
In developed societies, people spend most of their time indoors. An investigation of time 
budgets amongst US residents found that, on average, individuals spend 88% of their time 
inside buildings and 7% in vehicles. Only 5% of the participants’ time was spent outdoors 
(Robinson and Nelson, 1995). As most of a person’s time is spent indoors, indoor climate, 
including thermal comfort and Indoor Air Quality (IAQ), is increasingly recognized as an 
essential factor for the prevention of human diseases and the promotion of people’s 
comfort, health and productivity (Seppänen and Fisk, 2005; Tham, 2004; Wargocki et al, 
2004a; 2004b; 2005). 
On the other hand, since the oil crisis in the 1970’s, there has been a growing concern 
about energy efficiency. For example, from the beginning of 2006, all new buildings 
(residential, commercial and industrial, etc) in Europe must have an energy declaration 
including Heating, Ventilation and Air-Conditioning (HVAC) and lighting systems, based 
on the calculated energy performance of the building (Olesen, 2004). This energy-saving 
consideration has led to many changes in the way buildings are designed, constructed and 
operated. In order to save energy, many measures such as an increase in air-tightness of 
buildings and a reduction in ventilation rate have been adopted. 
Meanwhile, more and more synthetic building materials are being used in buildings. 
Unfortunately, these materials emit pollutants, such as formaldehyde, Total Volatile 
Organic Compounds (TVOCs), etc. Due to the reduction of the ventilation rate, these 




pollutants can gradually accumulate and finally reach a level which can have adverse 
effects on the occupants’ health. A study on the IAQ in 56 office buildings in nine 
European countries reported that 30% of the occupants perceived the air as unacceptable 
(Fanger, 1995). Therefore, the ultimate goal of air-conditioning systems is to strive to 
provide thermally comfortable and healthy indoor environments for occupants in an 
energy-efficient way.  
The application of a Displacement Ventilation (DV) system is one response to the interest 
in energy saving and improved IAQ. The DV system has been used with great success in 
industrial buildings in Scandinavian countries since the 1970’s as a ventilation strategy 
that ensures improved air quality throughout occupied space and an efficient use of 
energy (Breum and Orhede, 1994; Niemelä et al, 2001). In the last few years, its 
application has been extended to classrooms, offices and other commercial spaces 
(Nishioka et al, 2000). In 1989, it was estimated that the DV system accounted for 50% 
of the Scandinavian market share in industrial applications and 25% in office applications 
(Svensson, 1989). In recent years, the DV system has become increasingly popular as a 
greener alternative to other common forms of air conditioning system. This is due to its 
characteristics of high IAQ and low energy consumption (Riffat et al, 2004). In addition, 
research interest recently has grown in combining the DV system with other air 
conditioning systems to achieve better performance, such as chilled ceiling and 
Personalized Ventilation (PV) systems (Cermak et al, 2004; Melikov et al, 2003; Riffat et 
al, 2004).  
However, to date the ceiling-supply Mixing Ventilation (MV) system is still the most 
popular method of air distribution in mechanical ventilation buildings. In an MV system, 
air is supplied into a room with a relatively high velocity with the intention of inducing a 




large circulation inside the room. The nature of an MV system is to create a good mixture 
of the room and supply air in order to provide a uniform thermal and air quality 
environment. Hence, every occupant in the space is exposed to a similar level of 
pollutants even though one is far away from the source of the pollutants. On the contrary, 
the concept of a DV system is to utilize the buoyancy effect to displace warmer stale 
room air by supplying cooler fresh air at floor level. A zone of fresh and cool air is 
created at the occupied level. The air then rises as it is warmed by heat sources in the 
occupied zone to be exhausted at a ceiling level. Although, air temperature is nearly 
constant in horizontal directions except in the region near supply diffusers, it is inherent 
and unavoidable that vertical temperature gradients always exist in the space with a DV 
system. The vertical temperature profiles are not linear at all heights as they are 
influenced by many factors such as cooling load, ventilation rate, heat source type and 
position, wall temperature distribution, wall radiative characteristics, space height, 
diffuser type, etc (Skistad et al, 2002; Xu et al, 2001; Yuan et al, 1999a; 1999b). In 
addition, when a contaminant source is combined with a heat source, the plume carries 
the contaminants over the heat source to the upper zone of the room. The result is that air 
in the upper zone is more polluted than air in the lower zone. In a displacement ventilated 
room, the ventilation effectiveness is higher than that observed in a room served by an 
MV system. The entrainment of air in the human boundary layer is usually an advantage 
of the DV system when passive contaminant sources are not present (Brohus, 1997; 
Mundt, 1994; Yuan et al, 1999a). Due to its capability of removing exhaust air from a 
room at a higher temperature than that in the occupied zone, a DV system allows a higher 
inlet temperature for the same internal heat gain. Therefore, a DV system has a greater 
potential for free cooling. In addition, the chiller used in a DV system has higher energy 
efficiency than that used in an MV system due to its higher supply air temperature. 




Furthermore, because a DV system can provide better IAQ than an MV system, for a 
given indoor air quality, there are indications that a DV system needs to supply less fresh 
air (Skistad et al, 2002). In summary, in comparison with an MV system, a DV system 
has two main advantages: its provision of better IAQ in an occupied zone and lower 
energy consumption.  
On the other hand, cold discomfort of the feet, ankle and leg due to drafts and the vertical 
air temperature difference is often reported in a space with the DV system (Melikov et al, 
1989; Pitchurov et al, 2002). One possible reason is the vertical air temperature difference 
existing in the space. To avoid local discomfort, ISO 7730 (1994) recommends that the 
air temperature difference between 0.1 and 1.1 m levels above the floor be less than 3 K, 
while ASHRAE Standard 55 (2004) recommends that the temperature difference between 
0.1 and 1.7 m level be less than 3 K. In this thesis, the average vertical air temperature 
difference between two heights is defined as a vertical air temperature gradient between 
these two heights. This limitation of vertical air temperature gradient concerning thermal 
comfort is one of the most significant factors that limit the capability of a DV system to 
remove heat in an occupied zone. For a typical office accommodation, the application of a 
DV system is limited to a room heat gain no greater than 25-30 W/m2 (Sandberg and 
Blomqvist, 1989; Loveday et al, 2002). However, some studies have revealed that the 
common complaints of local thermal discomfort often result from a failure of the 
occupants to achieve heat balance rather than drafts or thermal gradients in offices with a 
DV system (Gan, 1995; Wyon and Sandberg, 1996).  
The imposition of a 3 K/m limit on the vertical air temperature gradient arose from a 
study conducted by Olesen et al (1979) in Denmark. In the study, 16 subjects (8 females 
and 8 males) were individually exposed to four different vertical air temperatures (0.4, 2.5, 




5.0 and 7.5 K) between the head and ankle levels with the highest temperature at the head 
level. A curve was established showing the percentage of people feeling discomfort due 
to a vertical temperature difference between the head level and ankle levels. Less than 5 
to 10% of the population was predicted to feel uncomfortable due to a vertical air 
temperature difference if the difference was less than 3 to 4 K. The DV system was not 
evaluated directly in the experiments. The authors indicated that some of the discomfort 
expressed in the experiments had been caused by a difference in radiant temperature 
rather than a difference in air temperature. If the radiant temperature of the upper and 
lower half of the room had been equal, the subjects would probably have tolerated a 
higher vertical air temperature difference.  
On the other hand, some researchers have concluded that the vertical air temperature 
gradient can be larger than 3 K/m. McNair and Fishman (1974) conducted an experiment 
in Europe to examine the subjective effect of vertical air temperature gradients by 
exposing 48 sedentary subjects to four gradients of 0, 1.3, 2.7 and 4 K between head (1.1 
m) and ankles (0.1 m) for 1 hour. They found that the difference between the thermal 
sensation of the head and feet was slight and hence not significant for all practical 
purposes. The exposure time for the subjects in the experiment was quite short. The one-
hour period may not be long enough for subjects to experience thermal discomfort. 
Eriksson and Domier (1975) investigated the thermal effect of vertical air temperature in 
tractor cabins. 15 sedentary subjects wearing heavy outdoor clothing (1.5-2.0 clo) were 
involved in this research. It was found that positive differences, i.e., higher air 
temperature at the head level than at the ankle level would cause discomfort if they 
exceeded 4-6 K. Negative differences, i.e., the highest air temperature at the ankle level, 
would cause discomfort if they exceeded 6-8 K. However, this experiment was not 
conducted in a building, but a tractor cabin. In addition, the clothing worn by the subjects 




in the experiment was 1.5 clo, which is much heavier than that in a normal air-
conditioned building. As well, the influence of radiation was not reported. Consequently, 
the results can not be directly applied to a building environment.  
Another systematic study on the environmental effects of vertical air temperature gradient 
was conducted by Wyon and Sandberg (1996). In the experiments carried out in a 
chilled/displacement ventilation environment in Europe, the authors found that thermal 
gradients due to displacement ventilation up to at least 4 K/m were likely to be acceptable 
when subjects were thermally neutral, provided that air quality was satisfactory. However, 
when exposed to conditions below thermal neutrality, the subjects complained of cold 
feet, although this was unaffected by thermal gradients. Displacement ventilation will 
often lead occupants in a building to voluntarily reduce room temperature below 
neutrality, so as to obtain air temperatures that are perceived as fresh at head level, rather 
than the associated presence of cooler air at floor level which will lead to complaints of 
cold feet. The discomfort due to dry eyes increased significantly at a thermal gradient 
above 2 K/m while the Relative Humidity (RH) varied in the range of 20 to 30% during 
the experiments. Further investigation was suggested by the authors.  
It can be seen that on the one hand the restriction on vertical air temperature gradient 
limits the capability of a DV system to remove heat. On the other hand, some research 
findings on the effect of vertical air temperature gradient do not concur with the current 
standards (ASHEAE, 2004; ISO 7730, 1994). In addition, most studies on the effects of 
temperature gradient were not conducted in a DV environment although vertical air 
temperature gradient less than 3 K/m has been adopted by practitioners for a long period. 
In view of the above, some researchers have suggested that the earlier work upon which 
current standards (ASHEAE, 2004; ISO 7730, 1994) are based should be revisited 




(Loveday et al, 2002). One critical point to be noted is that none of the studies on the 
effects of temperature gradients was conducted in the tropics. The climate in the tropics is 
very different from that in temperate areas. Tropically acclimatized occupants may have 
thermal and Perceived Air Quality (PAQ) perceptions that differ from those of people 
living in climatic conditions due to adaptation. Hence, there is a need to determine the 
possibility of increasing vertical air temperature gradients without sacrificing the 
occupants’ thermal comfort and IAQ in the tropics. 
The motivations of this study are as follows: 
1. Modification or relaxation of the limit of vertical temperature gradients would help to 
handle higher cooling load so as to broaden the application scope of a DV system in 
the tropics. Once a larger temperature gradient is acceptable for tropically 
acclimatized occupants, the capability of a DV system to remove heat load would be 
larger. In addition, the air flow rate which is needed to cool the space will be reduced. 
Subsequently, less fan energy would be consumed. This would in turn lead to a lower 
supply air flow rate and higher energy saving potential. 
2. The study in a DV environment would provide and broaden the basic knowledge of 
thermal comfort and PAQ in a non-uniform environment, especially in the tropics. 
1.2 Research objectives 
In view of the points discussed earlier, the environmental effects of vertical air 
temperature gradient will be investigated intensively in this non-uniform environment 
served by a DV system for tropically acclimatized sedentary occupants. The study will 
mainly focus on the thermal effect of temperature gradients. The effects on PAQ will also 
be studied. The detailed objectives of this study include: 




1. To study the influence of vertical air temperature gradients on overall and local 
thermal comfort at different room air temperatures (at 0.6 m height) for different 
overall thermal sensations. 
2. To explore the relationship among the percentage of local thermal discomfort, vertical 
air temperature gradients and room air temperatures (at 0.6 m height) when occupants 
are at different overall thermal sensations.  
3. To investigate the relationship among the overall and local thermal sensations of body 
segments. 
4. To investigate the influence of vertical air temperature gradients on PAQ at different 
room air temperatures (at 0.6 m height) for different overall thermal sensations. 
5. To propose an optimum air temperature gradient in a displacement ventilated space in 
the tropics without sacrificing the occupants’ thermal sensation and PAQ. 
After fulfilling the above objectives, this study is expected to achieve the following 
potential contributions. 
1. The findings of the study are expected to contribute to the basic knowledge of thermal 
comfort and PAQ of tropically acclimatized occupants in stratified space such as a DV 
environment in the tropics. This study would explore the suitability of the tolerable 
limit of vertical temperature gradient stipulated in the current standards (ASHRAE 
Standard 55, 2004; ISO 7730, 1994) for tropically acclimatized occupants. This 
exploration would help practitioners to design a DV system in the tropics. 
2. The relationship among the percentage of local thermal discomfort, vertical air 
temperature gradients and room air temperatures (at 0.6 m height) would help 
practitioners of DV system in the tropics to determine the optimum room condition 




and supply air temperature taking into consideration thermal comfort, PAQ and 
energy consumption. 
1.3 Structure of thesis 
The structure of this thesis is described briefly as follows. 
Chapter One outlines the background, the motivation, objectives, scope of this research 
and structure of the thesis.  
Chapter Two introduces the performance of a DV system and reviews past work related 
to environmental effects of temperature gradient in a DV environment. It is presented in 
the following order: performance of the DV system; thermal comfort study in a non-
uniform environment and the relevant research in the tropics. Based on the literature 
review, the research gaps are highlighted, followed by the hypotheses developed for this 
study. 
Chapter Three presents the research methodology adopted. This chapter describes the 
research design, experimental conditions, methods of data collection and methods of data 
analysis.  
Chapter Four presents the results and analysis of the preliminary studies, focusing on the 
effect of varying room temperature or temperature gradient on thermal sensation and 
comfort as well as PAQ. 
Chapter Five presents the results and discussion of the confirmation study with a larger 
sample size. In addition, the assessment of a DV environment using a thermal manikin is 
furnished in this chapter. The exploration in this final study is to confirm the results and 
findings of the preliminary study.  




Chapter Six highlights the concluding remarks of the research, the limitations of the study 
and recommendations for future research. 




CHAPTER 2 LITERATURE REVIEW 
2.1 Performance of a DV system 
The main characteristic of a DV system is its buoyancy-driven airflow. For cooling 
applications, a typical DV system supplies air at a temperature several degrees below 
room air temperature and at a very low velocity through large cross-sectional area supply 
devices near the floor level and extracts air at ceiling level. The supply air spreads over 
the floor and then rises as it comes into contact with heat sources, e.g. persons and 
computers, in an occupied space. The rising air above a heat source is called a plume. The 
upward convection plumes carry heat and contaminants and entrain the ambient air to the 
upper part of a room. Thus the airflow rate of plumes increases with height. The flow rate 
in the convection flow equals the supply air flow rate at a certain height above a heat 
source. In order to feed the convection flow above that height, the air in the upper part of 
a room must re-circulate. In this way the air will be stratified with a lower zone of fresh 
cool air and an upper zone of re-circulated and contaminated warm air, as shown in 
Figure 2.1. 
In an MV system, air is supplied to a room at a relatively high velocity with the intention 
of inducing a large circulation inside a room. The intent of an MV system is to create a 
good mixture of air in a room with the supply air in order to provide a uniform thermal 
and air quality environment. Hence, every occupant in the space will be exposed to a 
similar level of pollutants even though one is far away from the source of the pollutants.  
 


























Figure 2.1  Stratification level in a DV system. 
Due to its mechanism, a DV system performs differently from an MV system. In this 
section, the research on the performance of the DV system will be reviewed. It includes 
following aspects:  
• Temperature and humidity distribution in the space 
• Indoor air quality 
• Energy consumption 
• Thermal comfort 
2.1.1 Temperature and humidity distribution in the space 
Since a DV system was first applied to the welding industry in 1978, temperature 
distribution has been investigated in depth.  
Järmyr (1982) studied vertical temperature gradients in a workshop which was ventilated 
by a DV system. The study showed that the temperature gradient increased from 0.38 




K/m in the morning to 0.7 K/m at noon and then slightly decreased to 0.65 K/m in the 
evening. The non-dimensional temperature (θ) near the floor varied from 1/3 in the 






−=θ ,          Eq. (1-1) 
where, T, Te and Ts stand for the room air temperature at locations inside the room, 
exhaust and supply air temperatures respectively. 
According to Flatheim’s (1984) measurements in an office with a DV system, half of the 
total temperature difference was evened out in the floor area in some places. A linear 
temperature gradient from the floor to the ceiling was measured in the rest of the room. 
Skistad (1988) found that one third of the temperature difference between supply and 
exhaust air temperatures is evened out at floor level in premises with high ceilings. Chen 
and Van De Kooi (1988), Li et al (1992), Mundt (1990) and Nielsen (1988) showed that 
the dimensionless air temperature (θ) near the floor decreases as the ventilation rate 
increases. According to Nielson (1996), dimensionless temperature near the floor varies 
between 0.3 and 0.65 for different types of heat sources. Mundt (1996) showed that the 
temperature gradient was substantially linear in the room and strongly dependent on the 
ventilation flow rate. The ratio of the total temperature difference that evened out in the 
floor area varied between 0.3 and 0.5 and was independent of the heat sources in the room. 
Murakami et al (1998) analyzed the flow and temperature fields around a modeled 
standing human body using a Computational Fluid Dynamics (CFD) program and found 
that the gradient became very steep between the feet and waist levels. Skistad et al (2002) 
and Yuan et al (1999a) found that the air temperature was nearly constant in horizontal 




directions except in the region near the supply diffusers in the space with a DV system. 
Due to the mechanism of a DV system, vertical temperature gradients in the space were 
inevitable. The vertical temperature profile in a room was related to many factors such as 
cooling load, ventilation rate, heat source type and position, wall temperature distribution, 
wall radiative characteristics, space height, diffuser type, etc. Vertical temperature 
gradients were not linear in all the space height. It was observed that in the occupied zone, 
temperature gradients were steeper (Yuan et al, 1999b). Xu et al (2001) studied the 
vertical temperature profile in a thermal chamber with different cooling loads, as shown 
in Figure 2.2. The temperature profile could be separated into two regions: (1) a steep 
temperature gradient (floor level to 1.0-1.2 m height), and (2) a gentle temperature 
gradient (1.0-1.2 m height to ceiling level) when the indoor heat load existed. 
 
 
Figure 2.2  Temperature gradients in a thermal chamber with different cooling loads. 
(Source: Xu et al, 2001) 
Plumes in a space not only carry heat and contaminants but also moisture. It is a common 
perception that RH is constant throughout the whole space with an MV system. Applying 
this assumption to a space with displacement ventilation where air stratifies, that is, 
having higher temperature and contaminant concentrations in the upper part of the room, 
one may conclude that humidity also stratifies. Kosonen et al (2001) conducted a field 




study in a food-processing facility located in Finland. The measurement data were 
presented for a full load and half load. It was observed that both humidity ratio gradient 
and RH gradient existed, as shown in Figure 2.3. Kosonen (2002) illustrated the effect of 
displacement ventilation on humidity gradient in a factory located in a hot and humid 
region. The field measurements showed that thermal displacement ventilation created 
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Figure 2.3  RH gradient and moisture ratio gradient with displacement ventilation.  
(Source: Kosonen et al, 2001) 
2.1.2 Indoor air quality 
2.1.2.1 Objective study 
Seppänen et al (1989) compared displacement and conventional mixing ventilation 
systems in commercial buildings in the United States by using the DOE-2.1C building 
simulation program. The study analyzed the north, south, and core zones of the buildings 
in four representative U.S. climates. The results showed that displacement systems 
generally yielded superior air quality and thermal comfort compared to conventional 
mixing systems operated with recirculation. 
By using tracer gas measurements, Mundt (1994) demonstrated that in a room with a DV 
system, a person can be exposed to good quality air in a breathing zone, even if this zone 




was in a polluted layer. The convective plume around a body broke through the polluted 
layers and very rapidly increased local ventilation effectiveness. The displacement 
ventilation served as a demand controlled system for clean air from the lower part of the 
room. 
Brohus (1997) proposed a personal exposure model for a displacement ventilated room. 
The model considered concentration gradients and the influence of a human thermal 
boundary layer. The flow in the human boundary layer was able, to a greater extent, to 
entrain air from below the breathing zone, thus improving the quality of inhaled air in the 
case of warm contaminant sources. A new quantity was defined: the effectiveness of 
entrainment in the human boundary layer, which expresses the ability to supply (fresh) air 
from the floor area to the breathing zone. In Murakami et al’s (1998) study where a CFD 
program was used, three cases of concentration distribution prediction were carried out at 
different locations of contaminant generation. It was found that the rising stream around 
the body surface was not broken by the surrounding airflow. The air quality at the 
breathing zone depended on the location of the contaminant generation. When the 
contaminants were generated in the upper part of the room, above the breathing height, 
and the air in the lower part of the room was relatively clean, the rising stream of air had a 
positive influence on the quality of inhaled air. Conversely, the rising stream had a 
negative influence on the quality of the inhaled air when the contaminants were generated 
in the lower part of the room, below the breathing height. Awbi (1998) reported from the 
measurement data that the age of air at the breathing zone is about 40% lower than the 
mean value of the occupied zone with displacement ventilation.  
In the studies by Yuan et al (1999c) where CFD modeling was used and Yuan et al 
(1999b) where measurements and CFD modeling were both employed, it was observed 




that the CO2 concentration in the lower zone was less than that in the upper zone. It was 
also found that as the convective flow around a human body brought air from a lower 
zone to the breathing zone, occupants actually breathed air with lower contaminant 
concentrations than those at nose level in the middle of the room. Yuan et al (1999a) 
studied 56 cases using a CFD simulation program and found that ventilation effectiveness 
of these cases varied between 1.2 and 2. Since ventilation effectiveness for perfect mixing 
ventilation is 1.0, they concluded that displacement ventilation did provide better indoor 
air quality. 
Three types of supply units were used by Xing et al (2001) in a series of tests: flat-faced 
wall unit, semi-circular wall unit, and floor swirl unit in a displacement ventilated 
environmental chamber. It was found that the local mean age of air at the breathing zone 
of a seated manikin was between 35% and 50% lower than that in an occupied zone, 
while for the standing manikin the percentage was 10% and 20%. The difference 
depended on the type of supply unit. Measurements were carried out with the presence of 
a heated manikin and other heat sources. It was found that ventilation effectiveness at 
breathing zone for both the seated and standing manikins were greater than that for a 
point at the same height in the chamber for the tests with all DV units, because the 
manikin entrained fresh air from the fresh air layer on the floor into the breathing zone.  
In a further study, Mundt (2001) evaluated particle transportation and ventilation 
efficiency with non-buoyant pollutant sources in a displacement-ventilated room. A re-
suspension of floor deposited particles caused by the influence of the supply air or people 
moving around may increase the number of particles in convection flows. Concentrations 
of particles at different positions under a steady state and transient conditions were 
measured. The results showed that there seemed to be little risk of re-suspension of 




particles, in the measured size interval, by the influence of the supply air. The 
contaminant removal effectiveness depended on the position of the pollutant sources. 
A case study was conducted on the application of an underfloor air conditioning and 
ventilation system in Hong Kong (Law et al, 2003). Airflow and temperature 
characteristics were experimentally investigated in a 340 m2 primary school assembly hall. 
The results indicated that with the use of low momentum perforated-floor supply panels, 
significant temperature stratification was created in the occupied area and the upper space. 
The temperature stratification in the occupied area only just met the international comfort 
requirement (ASHRAE Standard 55, 2004; ISO 7730, 1994). High risk of draft 
discomfort could occur at space just above the supply panel. Ventilation of polluted air 
was localized into the occupied area, indicating possibilities of indoor air quality 
improvements over the traditional ceiling-based mixing system. 
The influence of boundary conditions on the indoor air quality of a displacement 
ventilated room was studied by Brohus (2003). In the study, a CFD program was used to 
predict ventilation effectiveness and personal exposure to contaminant sources in a 
displacement ventilated room subject to variation of several key boundary conditions. The 
research focused on the relative influence of room height, wall heat flux, air change rate 
and Archimedes number for two different contaminant source types. The results showed 
how IAQ may be significantly influenced by changes of the key parameters. 
Mixing and displacement ventilations were compared in an intervention study in 
classrooms (Mattsson et al, 2003). The distribution of particles, cat allergen, and CO2 
were measured in classroom air at different levels above the floor during regular lessons. 
With mixing ventilation, the particles’ concentration tended to decrease with height, with 
a stronger gradient occurring for larger particles. With displacement ventilation, the 




particle concentration increased with height, except for particles >25 µm. The DV system 
thus tended to have a slight upward displacement effect on most of the particles. 
Significant correlations were found between concentrations of cat allergen and particles 
in the size fraction 1-10 µm. The particle and cat allergen concentration at breathing 
height did not, however, differ significantly between the two ventilation systems. Mean 
CO2 concentration at 1.1 m height was about 10% lower with a DV system than with an 
MV system. A fairly high level of physical activity of the pupils is believed to have had a 
significant dispersing effect on the airborne contaminants. 
Yang et al (2004) applied a computer model to simulate the distribution and time history 
of pollutant concentrations in a mockup office. Three ventilation methods, namely a DV 
and two MV systems using a side grille and a ceiling square diffuser were studied 
respectively. Pollutant sources were assumed to be at the floor level, one with a constant 
emission rate and the other a fast decaying source (volatile organic compound emissions 
from a wood stain). Simulation results showed that different ventilation methods affected 
the pollutant distributions within a room. When the pollutant sources were distributed on 
the floor and not associated with a heat source or initial momentum, displacement 
ventilation behaved no worse than a perfect mixing system at the breathing zone. The 
effects of source type and location on contaminant dispersion and exposure were studied 
by He et al (2005) in a displacement ventilated room by both experimental and numerical 
methods. The results showed that the source type and location affected the exposure 
distributions for both point source and area source cases. Even when the contaminant 
source was at floor level, a DV system can still generate slightly lower concentration at or 
below the breathing zone compared to an MV system. Zhang L. et al (2005a) used a 
validated computational fluid dynamics program to investigate and compare the 
performances of displacement and mixing ventilations under different boundary 




conditions. A comparison with the conventional MV system showed that with proper 
design, installation, maintenance and operation, the DV system can maintain a better IAQ, 
especially at the breathing zone. The numerical results showed that the air was younger at 
breathing zone for the DV system than that of the MV system. CO2 generated by the 
occupants was also easier to be expelled in the DV cases. The TVOC concentration in the 
occupied zone was well below the limits for both mixing and DV modes while the 
contaminant levels showed a very small difference between the two ventilation modes. 
2.1.2.2 Perceived Air Quality (PAQ) study 
Numerous studies have demonstrated that IAQ in the occupied zone in a room served by 
a DV system is better than that served by an MV system (Brohus, 2003; Holmberg et al, 
1990; Stymne et al, 1992; Zhang L. et al, 2005a). However, the number of subjective 
studies based on PAQ in a DV environment is still limited.  
Wyon and Sandberg (1996) carried out experiments in a chilled/displacement ventilated 
environment and found that thermal discomfort due to dry air was unaffected by thermal 
gradient, but increased significantly with operative temperature. Discomfort due to dry 
eyes increased significantly above 2 K/m, but was affected by operative temperature. The 
values of RH varied in the range of 20 to 30% during the experiments. In another study, 
PAQ was compared between DV and MV systems by Brohus et al (1996). The objective 
of the study was to investigate if the high ventilation effectiveness measured chemically 
also applied when humans were asked directly about how they perceived the air quality. 
The experiments showed that PAQ in a displacement ventilated room was substantially 
better than in the case with an MV system. A field survey of occupants’ response was 
also conducted in eight office buildings with a DV system in Denmark by Naydenov et al 
(2002). The results showed that PAQ was better at a lower operative temperature. 




Moreover, PAQ improved when the head felt cool. Fifty percentage of those who were 
dissatisfied with the air quality demanded more air movement. All of the above studies 
were conducted in temperate climates. 
2.1.3 Energy consumption 
Chen and Van De Kooi (1988) pointed out the importance of temperature gradients on the 
determination of air conditioning loads. It was concluded that the uniform prediction 
model was not a suitable approach for an environment with temperature gradient. Chen et 
al (1990) used the cooling load program ACCURACY and energy analysis program 
ENERK to calculate space load and the annual energy consumption of a room based on 
the weather data of the Dutch short reference year. It was found that in a variable-air-
volume system with the same supply air temperature (16ºC), a displacement ventilation 
system would save 26% energy on the chiller and the ventilator and 3% on the boiler, 
compared with a well-mixed system. The cost of annual energy consumption for the 
displacement ventilation system was 16% lower than that for the well-mixed system. 
However, if supply air temperatures for the displacement ventilation and well-mixed 
systems were maintained at 16 and 12.5ºC respectively, the cost of annual energy 
consumption was nearly the same.  
Using a computer model of a typical office module located in the Netherlands (temperate 
sea climate), Hensen et al (1995) found that displacement ventilation for a relatively low 
heat load (30 W/m2) resulted in energy savings of up to 14% for cooling during the 
summer months. During the rest of the year, hardly any saving was expected. The overall 
annual energy consumption for cooling could be up to 10% lower. At heat load above 35 
W/m2, the energy consumption for cooling would be considerably higher than in the case 
of a mixing system only. Using a detailed computer simulation method to study the 




energy consumption of DV and MV systems for an individual office, a classroom, and a 
workshop for five U.S. climatic regions, Hu et al (1999) also showed that when free 
cooling was used for both ventilation systems in the shoulder seasons, a DV system might 
use more fan energy and less chiller and boiler energy than an MV system provided that 
supply air temperatures for DV and MV systems were 20 and 12.8ºC respectively. The 
total energy consumption was slightly less for the DV system. Livchak and Nall (2001) 
used displacement ventilation system selection software to compare the energy 
consumption for a computer room. It was found that if 100% outside air was used during 
the free cooling season, a displacement ventilation system with supply air temperature of 
18ºC allowed a reduction of the chiller cooling capacity by 1.4 kW and its annual energy 
consumption by 33%, as compared to a mixing ventilation system. 
Since a DV system can provide better IAQ than an MV system as fore cited, for a given 
indoor air quality, there are indications that a DV system needs less fresh air and energy 
(Skistad et al, 2002). Olsen and Chen (2003) used EnergyPlus, the newest US energy 
simulation program, to evaluate the potential energy savings of several different systems 
for a building outside of London, UK. The results showed that the annual energy cost for 
a DV system that uses free cooling was about 20% less than that for the existing building, 
which uses a fixed minimum supply air rate that does not take advantage of free cooling.  
2.1.4 Thermal comfort 
A person may feel thermally neutral for the body as a whole, but might not be 
comfortable if one or more segments of the body were too warm or too cold. Localized 
thermal discomfort may be the result of air currents or drafts, radiant temperature 
asymmetry, ground temperatures that are too low or too high, or situations where the 
vertical temperature difference between the head and feet is too great. Stratification 




strategy of a DV system leads to a better IAQ throughout the occupied zone. On the other 
hand, this ventilation strategy leads to a risk of local discomfort due to draft or vertical 
temperature difference. Thermal comfort in the space with a DV system has been studied 
by many researchers.  
Thermal comfort conditions were evaluated by Melikov and Nielsen (1989) in 18 spaces 
in practice ventilated by a DV system. The risk of local discomfort due to draft and 
vertical temperature was estimated by a comprehensive measurement of mean velocity, 
turbulence intensity, and air temperature. It was found that PD (Percentage Dissatisfied) > 
15% was identified for 33% of the measured locations within the occupied zone and      
△t1.1-0.1>3ºC for 40% of the locations. For 18% of the measured locations within the 
occupied zone, PD>15% and △ t1.1-0.1>3ºC was registered. However, the risk of 
discomfort due to draft and vertical temperature difference was low in some of the 
investigated rooms. Hence, the authors concluded that although there was a significant 
risk of local discomfort due to draft or vertical temperature difference, when a DV system 
is well designed, it is feasible to create good thermal comfort in rooms. Measurements in 
an office with a DV system showed that stratification was not destroyed by a person 
walking into the room (Sandberg and Blomqvist, 1989). The comfort criterion of a 
maximum vertical temperature gradient of 3 K/m put a constraint upon the maximum 
possible cooling load, equal to about 25 W/m2. In order to avoid complaints of thermal 
discomfort due to high velocity at relatively low temperature, supply air terminals that 
deliver the air over a large sector must be used. 
Airflow characteristics were measured by Melikov et al (1990) in the occupied zone of 12 
spaces with a DV system. Serious risk of local discomfort due to draft and vertical 
temperature difference was identified. The near zone around the outlet, within which 




predicted percentage dissatisfied due to draft exceeded 15%, was found to penetrate deep 
into the occupied zone. At the same mean velocity, the DV system had a slightly lower 
risk of draft than the MV system, especially at high velocities. The expected effect of the 
lower turbulence intensity on the percentage dissatisfied in displacement-ventilated rooms 
was counteracted by the lower air temperature near the floor. Thus draft risk in rooms 
with a DV system was almost the same as in rooms with mixed ventilation. Serious risk 
of local discomfort due to vertical temperature difference was measured in a large part of 
the occupied zone of the rooms. In most cases, it was combined with risk of draft. The 
limits in the standards are based on studies where each source of local discomfort was 
investigated separately. There is no evidence that these limits will remain the same if a 
person is exposed at the same time to draft and a vertical temperature difference. 
Therefore, the combined discomfort due to draft and vertical temperature difference needs 
to be studied. 
Local thermal discomfort was investigated by Gan (1995) in offices with a DV system 
using a CFD program. Thermal comfort level and draft risk were predicted by 
incorporating Fanger’s comfort equations into the airflow model. It was found that for 
sedentary occupants with summer clothing, common complaints result more often from 
an unsatisfactory thermal sensation than from draft alone. The results also showed that 
thermal discomfort can be avoided by optimizing the supply air velocity and temperature, 
and optimal supply air conditions depend on the distance between occupants and supply 
air units. Hodder et al (1998) investigated the vertical radiant temperature asymmetry 
effects on thermal comfort in chilled ceiling and displacement ventilation environments. 
Vertical radiant temperature asymmetry was found to have no significant effect on the 
overall thermal comfort of seated occupants. There was a slightly rising trend on the 
sensation of ‘freshness’ with the reduction of the ceiling surface temperature. The results 




demonstrated that the existing guidance on the tolerance of radiant asymmetry was valid 
for thermal comfort design of chilled ceiling /displacement ventilation environments. The 
effect of an under-floor air-conditioning system on thermal comfort was investigated by 
Lian (2002). The four factors evaluated were the type of outlet, the distance between the 
outlet and the occupant, the velocity of the supply air, and the temperature of supply air. 
It was found that the distance between an occupant and outlet had a significant influence 
on thermal comfort; the velocity and temperature of the supply air had a moderate 
influence; and the type of outlet had little influence.  
Naydenov et al (2002) conducted a field study in offices with a DV system. The study 
included detailed physical measurements of the thermal environment and collection of 
occupants’ response at 227 workplaces. The main conclusion was that displacement 
ventilation needs careful design and room furnishing in order to ensure a comfortable 
environment. In rooms with a DV system, it was expected that more people would be 
bothered by discomfort due to draft than due to vertical temperature difference between 
the head and ankle levels. Perceived air quality improved when the head was felt cool. A 
field survey of occupants’ response on the thermal environment was conducted by 
Pitchurov et al (2002) in eight office buildings served by DV systems. The occupants’ 
thermal sensation was close to the predictions of the Predicted Mean Vote (PMV) index. 
About 24% of the surveyed occupants complained that they were bothered daily by draft 
mainly at the lower leg. The presence of draft discomfort was verified even amidst 
persons feeling warm or slightly warm for the body as a whole. The predictions by the 
Draft Rating model incorporated in the present indoor climate standards were close to the 
draft discomfort identified from the occupants’ response. However, the Draft Rating 
model overestimated the draft discomfort reported by occupants who felt warmer than 
neutral and underestimated draft discomfort for occupants who felt cooler than neutral. 




The vertical air temperature difference measured between the head and feet levels was 
less than 3°C at each visited workplace. However, 49% of the occupants reported that 
they were daily bothered by uncomfortable room temperature (half of them experienced a 
cold sensation and the rest a warm sensation). The main conclusion of this survey was 
that in rooms with a DV system, draft was a major factor of local discomfort for the 
occupants. The effect of vertical temperature difference on occupants’ local discomfort 
was not evidenced. 
Nielsen et al (2003) compared MV and DV systems based on a maximum velocity 
assumption and a restricted vertical temperature gradient in the room. The results showed 
that an office room can be designed to the same comfort level with respect to maximum 
velocity and maximum temperature gradient independent of the air distribution system. 
The two different systems were finally evaluated by measuring the variation of the 
Equivalent Homogeneous Temperature (EHT) at the manikin when it was exposed to the 
environment generated by the two systems. The difference between the largest and the 
smallest EHT measured for the segments of a manikin can be used as an indication of 
local discomfort due to the temperature gradient, draft, turbulence and asymmetric 
radiation. A field survey of 227 occupants’ responses to the indoor environment in 10 
office buildings with a DV system was performed by Melikov et al (2005). The analysis 
showed that about 24% of the occupants complained that they were bothered daily by 
draft, mainly at the lower leg. The vertical air temperature difference measured between 
the head and feet levels was less than 3oC at all workplaces visited. Combined local 
discomfort because of the draft and vertical temperature differences did not seem to be a 
serious problem in rooms with a DV system. Almost one half (49%) of the occupants 
reported that they were bothered daily by uncomfortable room temperature. Forty-eight 
percent of the occupants were not satisfied with the air quality. The authors concluded 




that the PMV and the Draft Rating indices incorporated in the present indoor climate 
standards can be used for the design of displacement ventilation and assessment of the 
performance of displacement ventilation in offices in practice. The measurement heights 
specified in the standards are sufficient for the assessment. Increasing the supply air 
temperature in order to counteract draft discomfort is a measure that should be considered 
carefully. Even if the desired stratification of pollution in the occupied zone is preserved, 
an increase of the inhaled air temperature may have a negative effect on the PAQ. 
The performance of displacement and mixing ventilations was compared by Zhang L. et 
al (2005b) using a validated computational fluid dynamics program. The results indicated 
that when properly designed, DV system can maintain a thermally comfortable 
environment that has a low air velocity, a small temperature difference between the head 
and ankle level, and a low percentage of people dissatisfied. 
2.2 Thermal comfort study in a non-uniform environment 
2.2.1 Human thermoregulation 
Thermal comfort is the condition of mind that expresses satisfaction with a thermal 
environment (ASHRAE Standard 55, 2004). Numerous researchers such as Berglund 
(1995), Gagge (1937), Hardy (1971) and Hensel (1973, 1981) have found that the 
conscious mind appears to reach conclusions about thermal comfort and discomfort from 
direct temperature and moisture sensations from the skin, deep body temperatures, and 
the efforts necessary to regulate body temperature.  
In general, thermal comfort occurs when body temperatures are within narrow ranges, 
skin moisture is low, and the physiological effort of regulation is minimized (ASHRAE, 
2001). Whole body thermal sensation has been reported to be determined by mean body 




temperature (Gagge et al, 1967; Vokac et al, 1971). The input from thermal afferents in 
the core seems the most important and determines 80-90% of the resulting thermal 
sensation. With the core temperature at steady state, changes in the mean skin 
temperature are the cause for all changes in whole body thermal sensation. Skin 
temperatures associated with comfort during sedentary activities are from 33 to 34oC and 
decrease with increasing activity (Fanger, 1967). In contrast, internal temperatures rise 
with activity. The temperature regulatory center in the brain is about 36.8oC at rest in 
comfort and increases to about 37.4oC when walking and 37.9oC when jogging.  
Prek and Butala (2003) applied the second law of thermodynamics to energy analysis of 
thermal comfort in their study. The second law of thermodynamics introduces the useful 
concept of exergy in thermal analysis. The exergy content of a system indicates its 
distance from thermodynamic equilibrium. Higher exergy content means farther from 
thermodynamic equilibrium. The results showed that the lowest human body exergy 
consumption occurs at thermally neutral conditions; human body exergy consumption 
becomes higher in cold and hot environments. This approach also enables the exergetical 
analysis of heating and cooling systems in connection with thermal comfort, providing 
the lowest exergy consumption for both systems. 
2.2.2 Thermal comfort in a uniform environment 
The most popular thermal comfort model in a uniform environment is based on the 
following heat balance equation (Fanger, 1970). 
Heat balance equation for the body: 
resres ECEHWM +++=−         Eq. (2-1) 





M:  Metabolic rate. The rate of transformation of chemical energy into heat and 
mechanical work by aerobic and anaerobic activities within the body.  [W/m2]   
W:  Effective mechanical power.  [W/m2]   
H:  Dry heat loss. Heat loss from the body surface through convection, radiation and 
conduction.  [W/m2]   
E:  Evaporative heat exchange at the skin.  [W/m2]   
Cres:  Respiratory convective heat exchange.  [W/m2]   
Eres:  Respiratory evaporative heat exchange.  [W/m2]   
( ) swask EptE +−−×××= − 33732561005.3 3      Eq. (2-2) 
( )ares tMC −××= 340014.0         Eq. (2-3) 
( )ares pME −×××= − 58671072.1 5        Eq. (2-4) 
pa:  Humidity. Partial water vapour pressure in the air.  [Pa]   
skt :  Mean skin temperature.  [°C]   
Esw:  Evaporative heat loss from evaporation of sweat.  [W/m2]   
This model uses heat balance principles to relate the following six key factors for thermal 
comfort: metabolic rate, clothing insulation, air temperature, radiant temperature, air 
speed and humidity. It has been adopted into current thermal comfort standards. The heat 




balance concept views a person as an overall recipient of thermal stimuli and is premised 
on the assumption that the effects of a given environment are mediated exclusively by the 
physics of heat and mass exchanges between the body and surrounding environment. 
However, these six key factors for thermal comfort, except metabolic rate, may be non-
uniform over an occupant’s body. This non-uniformity may be an important consideration 
in determining thermal comfort. 
2.2.3 Thermal comfort in a non-uniform environment 
Bader and Mead (1950) and Page and Brown (1953) explored the distributed effect of 
local cold stress on the rest of the body, showing that cooling the lower segment of the 
body caused a decrease in the skin temperature of the finger, forearm, and nose with non- 
significant changes observed at the forehead, cheek, chest and ear. Active 
vasoconstriction was considered to be present in the former but not the latter regions. 
Vokac et al (1971) and Nielsen and Nielsen (1984) demonstrated that different skin 
temperature distributions over the body surface do not affect the whole body thermal 
sensation in situations with equal mean skin temperature when the thermal environment 
around the subject’s head does not change. For people clothed in standard clothing (0.6 
clo.) and cotton sweat socks (no shoes), Olesen and Fanger (1973) showed that the 
greatest non-uniformity of the skin temperature distribution over the body is due in part to 
lower foot temperatures. When the subjects felt optimally comfortable, the trunk was the 
warmest segment of the body and extremities (arms, legs and feet) the coolest.  
Clothing distribution influence on the thermal response of man was studied in cool 
environments (Gwosdow and Berglund, 1987). In these experiments which involved six 
male volunteers, the air temperature was maintained at 18, 21 and 24oC (thermo-neutral 
for 0.6 clo.). A Dew-point temperature of 10oC and an air velocity of 0.05 m/s were 




maintained throughout each experiment. Clothing was symmetrically or asymmetrically 
distributed over the body surface. Clothing insulation distributed asymmetrically over the 
body surface resulted in: 1) Non-uniform skin temperatures, with lower skin temperatures 
on the less insulated side and higher skin temperatures on the well insulated side. 2) 
Whole body thermal sensations correlated best with mean body temperature, calculated 
with weighting of 0.65×esophageal and 0.35×mean skin temperature. 3) Regional thermal 
sensations highly correlated with the corresponding local skin temperatures. 4) For both 
clothing distributions, the extremities were most sensitive to the thermal environment. 
A model for applying PMV to the passenger compartment was proposed by Tanabe et al 
(1990), which employs the concept of an Average Equivalent Temperature (AET) as the 
basis for determining PMV. They found an equivalent temperature (Teq) for three regions 
of the human body and then calculated a weighted average according to the relative 
surface area of each as follows: AET = 0.1 Teq (head) + 0.7 Teq (abdomen) + 0.2 Teq (feet). 
Hagino and Hara (1992) investigated the thermal sensation of vehicle occupants. The 
subjects were 6 males with normal summer clothing. It was found that whole body 
Thermal Sensation Vote (TSV) was sensitive to the partial TSV of the forehead and upper 
arm, which were directly exposed to airflow and solar radiation. A multiple regression 
equation was obtained for predicting the whole body TSV from partial TSV data as 
follows: TSV (whole body) = 0.42 TSV (forehead) + 0.38 TSV (upper arm on window 
side) + 0.20 TSV (thigh on window side) + 0.28 TSV (instep on window side) + 0.42.  
Kawahara et al (1999) investigated thermal comfort in a non-uniform thermal 
environment using an air-conditioning chamber with under-floor air supply and radiator 
panels in Japan. 16 subjects took part in the experiments. The mean equivalent 
temperature (Teq) around seated subjects was intentionally varied. It was found that the 




Overall Thermal Sensation (OTS) was generally affected by Teq around the upper body. 
Conceição (2000) developed a model by dividing the human body into 35 cylindrical and 
spherical elements with each element constituting by 12 layers (one layer for the core, 
two layers for  the muscle, two layers for the fat and seven layers for the skin with the 
possibility of clothing protection for each element). This model can be used to evaluate 
global thermal comfort, in a steady state and transient conditions, and the local discomfort 
sensations. The experimental results in Fanger et al (1988) were used to develop the static 
and dynamic part of evaluating local discomfort in this model. Tanabe et al (2002) 
developed a 65-node thermoregulation model to evaluate thermal comfort under non-
uniform conditions. This model has 16 body segments corresponding to a thermal 
manikin, each consisting of four layers for core, muscle, fat and skin. The 65th node in the 
model is the central compartment, which exchanges convective heat with all other nodes 
via the blood flow. Convective and radiant heat transfer coefficients and clothing 
insulation were derived from the thermal manikin experiments. A thermoregulation 
model combined with radiation exchange model and a CFD program was proposed. 
Predictive models of local and overall thermal sensation and comfort were developed by 
Zhang H. (2003) under non-uniform and transient conditions. In the study, local body 
surfaces of the subjects were independently heated or cooled while the rest of the body 
was exposed to a warm, neutral or cool environment. 
2.2.4 Effects of temperature gradients 
Vertical temperature gradients may cause local thermal discomfort. However, some of the 
findings are conflicting with one another. 
McNair and Fishman (1974) conducted an experiment in Europe to study the subjective 
effect of vertical air temperature gradients by exposing 48 sedentary subjects to four 




gradients of 0, 1.3, 2.7, and 4 K between head (1.1 m) and ankles (0.1 m) for 1 hour. They 
found that the differences between thermal sensation of the head and feet were slight and 
hence insignificant for all practical purposes. The exposure time for subjects in the 
experiment was 1 hour. This period may not be long enough for subjects to reach steady 
state.  
Eriksson and Domier (1975) investigated the thermal effect of vertical air temperature in 
tractor cabins. 15 sedentary subjects wearing heavy outdoor clothing (1.5 to 2.0 clo) were 
involved in the research. It was found that positive differences, i.e., higher air temperature 
at head level than at ankle level, would cause discomfort if they exceeded 4-6 K. 
Negative differences, i.e., highest air temperature at ankle level, would cause discomfort 
if they exceeded 6-8 K. However, the experiment was not conducted in a building but a 
tractor cabin. In addition, the clothing worn by subjects was 1.5 clo., which is much 
heavier than that worn in the normal air-conditioning building environment. The 
influence of thermal radiation was not reported as well. So the results cannot be applied to 
building environments directly. 
The imposition of a 3 K/m limit on the vertical air temperature gradient arose from the 
research work conducted by Olesen et al (1979). In this study, 16 subjects (8 females and 
8 males) were individually exposed to four different vertical air temperatures (0.4, 2.5, 
5.0 and 7.5 K) between the head and ankle levels with the highest temperature at head 
level. In the first experiment in an approximately uniform environment (vertical air 
temperature difference 0.4 K), the preferred ambient temperature was determined for each 
subject by adjusting the ambient temperature according to his/her wishes. Each 
experiment lasted 3 hours. In the remaining three experiments, the temperature level at 
the center of the body for each subject during the first 1.5 hours maintained at his/her 




preferred ambient temperature identified in the first experiment. During the last 1.5 hours, 
the temperature level was changed according to the subject’s request. The air temperature 
difference between the head and ankles remained the same (2.5, 5 and 7.5 K). The 
subjects were sedentary and wore a light standard clothing (0.6 clo). Subjective 
judgments of the thermal sensation, local discomfort, and skin temperature were recorded. 
A curve was established showing the percentage of people feeling discomfort due to a 
vertical temperature difference between the head and ankle levels. Less than 5 to 10% of 
the population was predicted to feel uncomfortable due to a vertical air temperature 
difference if the difference was less than 3 to 4 K. The thermal sensation votes showed 
that discomfort was attributed to warm head and/or cold feet. The subjective feeling of 
freshness of the air decreased with an increasing vertical air temperature difference. DV 
systems were not evaluated directly in the experiments. It was pointed out by the authors 
that some of the discomfort expressed in the experiments had been caused by a difference 
in radiant temperature rather than a difference in air temperature. If the radiant 
temperature of the upper and lower half of the room had been equal, the subjects would 
probably have tolerated a higher vertical air temperature difference.  
Physiological reactions to different vertical (head-foot) air temperature differences were 
studied in Japan (Tanaka et al, 1986). 6 male subjects were exposed to different vertical 
air temperature differences between the upper and lower segments of the body for 90 
minutes, wearing light clothing (0.69 clo.) at constant air velocity of 0.45 m/s. The lower 
segment of the body was exposed to an air temperature of 25oC and the upper segment of 
the body to air temperatures of 15, 20, 25, 30 or 35oC. There were four conclusions: 1) 
The preferred air temperature during vertical air temperature differences was different 
from those for uniform experimental conditions. 2) The thermal sensations on the upper 
segment of the body and the whole body were similar, and those on the lower segment of 




the body were almost constant under each condition. 3) From the relationship between 
thermal sensation and mean skin temperature, when the lower segment of the body was at 
a comfortable temperature, subjects might feel thermally neutral at a slightly lower mean 
skin temperature than when both the upper and lower body segments were exposed to the 
same temperature. 4) When the lower segment of the body was exposed to a thermally 
neutral condition, the skin temperature of the lower extremities was then affected by the 
upper-body air temperatures. The skin temperature on the toe and instep increased with 
the increase of upper air temperature.  
Another systematic experiment regarding the environmental effects of vertical air 
temperature gradient was conducted by Wyon and Sandberg (1996). This experiment, 
conducted in a chilled ceiling/displacement ventilation environment, involved 207 
subjects who were exposed in groups of 2, 3, or 4 to nine experimental conditions (three 
levels of estimated whole-body heat loss and three levels of vertical thermal gradient: 0, 2, 
and 4 K/m). Subjects were allowed to wear their own clothing (clo. values not stated) and 
were exposed to the conditions for only one hour. Values for the displacement air supply 
temperature were not given. It was found that local and whole body comfort sensations 
were unaffected by thermal gradients. Thermal gradients due to displacement ventilation 
up to at least 4 K/m were likely to be acceptable when subjects were thermally neutral, 
provided that the air quality was satisfactory. However, when exposed to conditions 
below thermal neutrality, subjects complained of cold feet, although this was unaffected 
by thermal gradients. Displacement ventilation will often lead building occupants to 
voluntarily reduce room temperature below neutrality, so as to obtain air temperatures 
that are perceived as fresh at the head level, and this rather than the associated presence of 
cooler air at floor level, will lead to complaints of cold feet. The discomfort due to dry 




eyes increased significantly at a thermal gradient above 2 K/m. The RH was in the range 
of 20 to 30% during the experiment. Further investigation was recommended.  
Loveday et al (1998) concluded that Fanger’s comfort model may be used, without 
modification, to predict the overall thermal comfort of sedentary occupants performing 
office-type tasks in chilled ceiling/displacement ventilations. The vertical radiant 
asymmetry does not significantly affect the thermal comfort of desk-seated occupants. 
Kawahara et al (1999) investigated thermal comfort in a non-uniform thermal 
environment using an air-conditioned chamber with under-floor air supply and radiator 
panels in Japan. Sixteen subjects took part in the experiments. The mean equivalent 
temperature (Teq) around sitting subjects was intentionally varied. In the winter 
experiments (male, 0.925 clo., female, 0.794 clo.), Teq for the  upper and lower body 
segments varied in the range of 17-26oC and 20-26oC respectively. In the summer 
experiments (male, 0.595 clo., female, 0.594 clo.), Teq for the upper and lower body 
segments varied in the range of 20-29oC and 23-29oC respectively. The conclusion was 
that the overall thermal sensation vote was generally affected by the upper Teq. In the 
summer experiment, 80% and more of the subjects felt comfortable overall when the 
upper Teq was 26oC and the difference between the upper and lower Teq was 3oC, and 
when there was 6oC vertical difference in the conditions of the upper 23oC, the lower 
29oC and the upper 29oC, the lower 23oC.  
Loveday et al (2002) evaluated the thermal comfort design in combined chilled ceiling 
and displacement ventilation environments. The standard BS EN ISO 7730 was shown to 
be valid, without modification, in predicting the overall thermal comfort of sedentary 
occupants working in offices equipped with chilled ceiling/displacement ventilation 
system. It was suggested that there may be scope to revisit the limit of vertical 




temperature gradients (3 K/m). Jacobsen et al (2002) assumed that the calculated 
percentage of dissatisfied from draft and temperature gradients can be added to make a 
total percentage of dissatisfied. Further research on local thermal discomfort in order to 
find an expression for the total effect was suggested. Zhang H. et al (2005) evaluated 
thermal comfort in stratified environments, using a model developed to predict local 
thermal sensation and comfort. The results indicated that near the center of the comfort 
zone, stratification up to 7 K was acceptable, considerably larger than the 3 K limit 
imposed by standards. As the mean temperature moved away from the center of the 
comfort zone, stratification caused cool feet or warm head discomfort. The potential of 
using local air motion to reduce local discomfort in highly stratified conditions was 
briefly explored.  













Table 2.1  Chronological list of studies on the effects of thermal gradient. 
 




Vertical temperature gradient of 4 K/m had no significant thermal 




Higher air temperatures at the head than at the ankle would cause 
discomfort if they exceeded 4-6 K; higher air temperatures at the 
ankle level would cause discomfort if they exceeded 6-8 K. 
1979 Olesen et al 
Vertical air temperature difference between positions 0.1 and 1.1 m 
above the floor should not exceed 3-4 K in order to maintain 
acceptable thermal comfort. 
1986 Tanaka et al 
The preferred air temperature under vertical air temperature 





Thermal gradients up to at least 4 K/m were likely to be acceptable 
when subjects were at thermal neutrality, provided that air quality 
was satisfactory. Discomfort due to dry eyes increased significantly 
at a thermal gradient above 2 K/m.  
1998 Loveday et al 
Fanger’s comfort model may be used, without modification, to 
predict the overall thermal comfort of sedentary occupants
performing office-type tasks in chilled ceiling/displacement 
ventilations.  
 1999 Kawahara et al 
80% and more of subjects felt thermally comfortable overall 
when mean equivalent temperatures for the upper and lower 
body segments were 23 and 29oC respectively (vertical 
difference 6 K). 
2002 Loveday et al It was suggested that the limit of vertical temperature gradients 
(3 K/m) should be reconsidered. 
2002 Jacobsen et al 
Percentage dissatisfied from draft and temperature gradients may 
be added to make a total percentage of dissatisfied. 
2005 Zhang H. et al  
Near the center of the comfort zone, acceptable stratification was 
up to 7 K. As the mean temperature moved away from the center of 
the comfort zone, the stratification caused cool feet or warm head 
discomfort.  




2.3 Relevant research work in hot-humid climate 
De Dear et al (1991) performed thermal comfort field experiments in Singapore. Results 
for the air-conditioned sample indicated that office buildings were overcooled, causing up 
to one-third of their occupants to experience cool thermal comfort sensation. PMV 
model’s predicted neutral temperatures were all slightly warmer than the empirically 
observed neutral temperatures by approximately 1 K. 
In a field study conducted by Busch (1992) in Thailand, neutral temperature was found to 
be 24.7°C EHT for air-conditioned buildings. The author determined the temperature 
bounds of comfort zone for air-conditioned buildings – the lower boundary of the comfort 
zone was about 22°C and the upper boundary reached about 28°C. These boundaries were 
broader than those stipulated by ASHRAE Standard 55 (1992). 
Tham and Ullah (1993) evaluated the impact of parametric variations in envelope design 
and HVAC operation on energy performance and thermal comfort of a typical 
commercial office building in Singapore. Energy consumption was evaluated via a 
parametric simulation, using the program DOE2.1B. Fanger's equation of comfort was 
applied to the resulting environment associated with each parametric design to evaluate 
its degree of thermal comfort. The energy-conserving measures which were applied to the 
reference building (square plan, with shallow exterior wall to core depth) resulted in a 
less than 1% drift in predicted percentage dissatisfied, indicating that energy conservation 
is achievable without loss of occupant comfort. 
Tanabe and Kimura (1994a) examined the effects of air movements on thermal comfort in 
air-conditioned spaces. 32 college-age subjects with clo value of 0.6 were tested in an 
environmental test chamber with an operative temperature of 26.3oC. It was found that 




under hot and humid conditions, 10% of the subjects felt draft at a mean air velocity of 
0.4 m/s.  
A field study of indoor climates and occupant comfort was conducted by De Dear and 
Fountain (1994) in 12 air-conditioned office buildings. A total of 836 subjects provided 
1234 completed questionnaires in the field study. Mean air and radiant temperatures were 
generally maintained between 23oC and 24oC interval for both summer and winter. The 
results showed that draft due to excessive air movement was much less of problem than 
insufficient levels of air movement. Although their thermal environments fell within 
ASHRAE Standard 55 (1992) summer comfort zone, most human subjects expressed 
dissatisfaction that they felt the air was too still. The finding suggests that draft guidelines 
in ASHRAE Standard 55 (1992) and ISO 7730 (1994) may be inappropriate for hot, 
humid climatic zones. De Dear (1995) conducted a field investigation of indoor climates 
and occupant comfort in 12 air-conditioned office buildings in the tropical north of 
Australia to field-validate the comfort chart (ASHRAE Standard 55, 1992). The neutral 
temperature was found to be 24.3°C. The author concluded that the PMV model predicts 
neutral temperatures and thermal acceptability optima reasonably well. 
Sekhar and Ching (2002) reported on thermal comfort and IAQ of an under floor air-
conditioning system in the tropics. Their results by PMV and PPD revealed that cold 
discomfort was always felt at grid points that were in close proximity to the supply units. 
Hence, they concluded that occupants are likely to experience localized thermal 
discomfort near the supply units due to the existence of large temperature gradients. 
Cheong et al (2003) conducted a thermal comfort study of an air-conditioned lecture 
theater in Singapore, using a CFD program, objective, and subjective measurements. It 
was found that thermal conditions were within the limits of thermal comfort standards but 




the subjective responses were slightly biased towards the ‘cold’ section of the 7-point 
thermal sensation scale and occupants were slightly uncomfortable in a 23°C environment. 
The calculated PMV and PPD were close to those obtained in the subjective assessment.  
2.4 Summary and identification of knowledge gap 
From the literature review, it can be seen that compared to MV systems, DV systems can 
provide better IAQ and consume less energy (Awbi, 1998; Brohus, 1997; Chen et al, 
1990; Livchak and Nall, 2001, Svensson et al, 2004).  However, there are two limiting 
factors: draft risk and vertical air temperature gradients, existing in the space with a DV 
system. Cold discomfort on feet, ankle and leg due to draft and vertical air temperature 
difference was often reported with DV systems (Melikov and Nielsen, 1989; Pitchurov et 
al, 2002). The maximum vertical air temperature gradient stipulated by current standards 
(ASHRAE Standard 55, 2004; ISO 7730, 1994) limits the capability of displacement flow 
systems to remove heat in the occupied zone. On the other hand, some research findings 
have demonstrated that the acceptable temperature gradient is higher than 3 K/m (Wyon 
and Sandberg, 1996; Zhang H. et al, 2005), which conflicts with the current standards. In 
addition, most of the studies on the effects of temperature gradient were not conducted in 
DV environments although vertical air temperature gradients less than 3 K/m have been 
adopted by practitioners for a long period. In view of the above, some researchers have 
suggested that the earlier work upon which current standards are based should be 
reconsidered (Loveday et al, 2002).  
From the research of Wyon and Sandberg (1996), it can be seen that thermal gradient 
beyond the limit of 3 K/m due to displacement ventilation was probably acceptable when 
subjects were thermally neutral as long as air quality was satisfactory. However, 




discomfort due to dry eyes increased significantly at a thermal gradient above 2 K/m. The 
experiments were conducted in European climate. The RH varied in the range of 20 and 
30% during the experiments. Tropical climates are very different from the temperate. For 
example, because of its geographical location and maritime exposure, the climate in 
Singapore is characterized by uniform temperature and high humidity. The minimum and 
maximum diurnal temperatures in Singapore are in the range from 23 to 26oC and from 31 
to 34oC respectively. The minimum and maximum extreme temperatures are 19.4 and 
35.8oC respectively. Diurnal RH in Singapore ranges from 90% in the early morning to 
around 60% in the mid-afternoon with a mean value of 84%. During prolonged heavy 
rain, RH often reaches 100%. Tropically acclimatized occupants may, therefore, have 
different thermal and PAQ perceptions in comparison with people living in other areas 
due to physiological adaptation. Vertical air temperature gradient of higher than 3 K/m 
may be acceptable without decreasing occupants’ thermal comfort and PAQ in tropical 
climates. Nevertheless, extensive study is needed.  
Much information on the relation between thermal comfort and thermal environment has 
been published, dealing with both human physiological and psychological reactions to a 
uniform thermal environment. PMV and PPD indices in the current thermal comfort 
standards were based on the energy balance of the whole body in a thermal uniform 
environment. The evaluation of a uniform thermal environment is typically conducted 
with the measurement of several physical parameters such as air temperatures, air 
velocities, and so on. However, in space with a DV system, room physical parameters are 
all different at different heights, from the floor to ceiling levels. Only a few studies on the 
influence of vertical air temperature difference in a non-uniform thermal environment 
have been reported. Moreover, most of the experiments were not conducted in DV 
environments.  




In summary, very few studies on the effects of vertical air temperature gradients in spaces 
with a DV system especially in the tropics have been reported. In order to broaden the 
scope of application and increase the energy-saving potential of DV systems in the tropics, 
the present research focuses on the environmental effects of air temperature gradients in 
spaces with a DV system.  
Based on the literature review, the following hypotheses were formulated. 
For tropically acclimatized sedentary occupants in displacement ventilated spaces: 
1. The influence of vertical air temperature gradients on overall and local thermal 
comfort at different room air temperatures (at 0.6m height) is different. In addition, 
the influence is affected by overall thermal sensations. 
2. Vertical air temperature gradient of higher than 3 K/m is tolerable in the tropics in 
terms of overall thermal comfort. 
3. Vertical air temperature gradients have no significant impact on air dryness 
perception in the tropics. 




CHAPTER 3 METHODOLOGY 
3.1 Research design 
Considering the research objectives and scope of this study, objective measurement and 
subjective acessment were employed to investigate the relationship among local thermal 
discomfort, vertical air temperature gradient and room air temperature under a non-
uniform thermal environment with a DV system in a tropical climate. Figure 3.1 shows 
the overall research methodology adopted in this study. The possible cause and effect 
relationships were investigated in this study by exposing experimental groups to special 
treatments and comparing results between the different groups. In the questionnaire 
survey, primary data based on a sample were collected, and inferences were made on the 
population. Only college-age students acclimatized to the tropical climate were selected 
to be the subjects. Physical parameters such as room air temperature, RH, outside air flow 
rate, air velocity in the space and vertical air temperature gradient were controlled in the 
experiments. 
Physical parameters such as air temperature, air velocity, RH, global temperature and 
concentration of CO2, formaldehyde, TVOC, etc. were measured continuously while 
subjective data were collected simultaneously using questionnaire surveys administered 
to the subjects during the experiment to determine their thermal sensations and the degree 
of thermal comfort under different test conditions. At the data analysis stage, data from 
the objective measurements were analyzed, using conventional methods such as 
normalization and tabulation. Data from the survey of subjective assessment were 




analyzed, using statistical tools such as normality test, t-test, Wilcoxon Matched-Paired 
Signed-Ranks test, Chi-square test and regression. 
 
Figure 3.1  Schematic diagram of research method. 
There are three sets of experiment in this study. The first two sets of experiment 
constitute the preliminary studies. The first preliminary study was conducted in a thermal 
chamber to compare thermal sensation and comfort as well as PAQ under thermal 
gradients of 1 and 5 K/m at a constant mean room air temperature of 22oC. The second 
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the impact of thermal gradient on thermal sensation and comfort as well as PAQ at mean 
room air temperatures of 22 and 25oC. The final study, with a 3 x 3 factorial design, was 
conducted in the same chamber used in the second preliminary study. The two factors 
involved were vertical air temperature gradient and room air temperature. Nominal 
vertical air temperature gradients between 0.1 and 1.1 m heights were 1, 3 & 5 K/m while 
nominal room air temperatures at 0.6 m height were 20, 23 & 26oC. Air velocity in the 
space near the subjects was kept at below 0.2 m/s. RH at 0.6 m height was maintained at 
50%. In this study, a thermal manikin was exposed to the experimental conditions 
together with the subjects. The intentions were to investigate the distribution of skin 
surface temperature and the sensible heat loss of a manikin at different temperature 
gradients with different room air temperatures at 0.6 m height and correlate subjective 
responses with objective measurements from the thermal manikin. The purpose of the 
final study was to validate the findings of the preliminary study and explore the 
relationship among local thermal discomfort, vertical air temperature gradient, and mean 
room air temperature in displacement ventilated spaces in the tropics.  
3.2 Experimental design 
3.2.1 The first preliminary study 
The purpose of this study is to examine thermal sensation and comfort as well as PAQ of 
tropically acclimatized subjects when they are exposed to different vertical temperature 
gradients of 1 and 5 K/m at the same room air temperature in a DV environment. During 
the experiment, room air temperature and room air humidity at 0.6 m height were 
intentionally kept constant at 22oC and 55% respectively. The supply air flow rate was 
varied in order to create different temperature gradients as the heat gain in the room 
remained unchanged. The outside air flow rate was planned to be maintained at 10 l/s/p. 




Table 3.1 shows the nominal experimental conditions.  
Table 3.1  Nominal room conditions (the first preliminary study). 
Nominal value 
Case Ta (°C) (0.6m 
height) 




Outside air flow 
rate (l/s/p) 
1 22 5 55 10 
2 22 1 55 10 
 
24 college-age students participated in these experiments. These subjects were randomly 
exposed to test conditions on different days and kept “blind” to the test conditions to 
avoid biased results. Only people in good health were allowed to participate in the study. 
All subjects were volunteers who were paid for taking part in these experiments. They 
were instructed to eat normally before arrival at the thermal chamber. In addition, no 
intakes of alcohol or drugs were allowed 24 hours prior to each experiment. During the 
experiments, the subjects were asked to dress in typical office attire to simulate an office 
setting. They were allowed to put on additional clothing during the experiment to 
maintain thermal neutrality and restricted to only deskbound activities. Eating and 
drinking were not allowed during the experiments. 
3.2.2 The second preliminary study 
The first objective of this study is to verify the findings of the first preliminary study in 
different experimental chamber. The second objective is to compare the influences of 
room air temperature and vertical air temperature on thermal sensation and comfort as 
well as PAQ of tropically acclimatized subjects in a DV environment. In addition, the 
information and experience obtained from this study would be useful for experimental 
design of the final study since the final study was planned to be conducted in the same 
chamber used in this study. 




During the experiment, room air temperatures at 0.6 m height were intentionally kept 
constant at 22 and 25oC. The supply air flow rate was varied in order to create different 
temperature gradients as the heat gain in the room remained unchanged. The outside air 
flow rate was planned to be maintained at 10 l/s/p. Room air humidity was not controlled 
during the experiment. Table 3.2 shows the nominal experimental conditions. 8 college-
age students participated in the experiments. The experimental protocol is the same as 
that of the first preliminary study. 
Table 3.2  Nominal room conditions (the second preliminary study). 
Nominal value 
Case Ta (°C)  
(0.6m height)
∆t   
(K/m)
Outside air flow rate 
(l/s/p) 
1 22 4 10 
2 22 1.5 10 
3 25 4 10 
3.2.3 The final experiment 
The final study was conducted in the same chamber used in the second preliminary study, 
but with different layout. This final study, with a 3x3 factorial design, was intended to 
validate the findings of the preliminary study and explore the relationship among local 
thermal discomfort, vertical air temperature gradient, and mean room air temperature in 
displacement ventilated spaces. The two factors in the study were vertical air temperature 
gradient and room air temperature. The vertical air temperature gradient in space with a 
DV system is influenced by many factors such as air flow rate, supply air temperature, 
heat load sources and their position, type and height of rooms, etc. The experimental 
conditions had to be controlled within the range of achievable maximum and minimum 
vertical temperature gradients in the chamber. Based on the experience gathered from the 
preliminary studies, vertical air temperature gradients of 1, 3, and 5 K/m were used in this 




study while nominal room air temperatures at 0.6 m height were 20, 23 & 26oC. The air 
velocity in the space near the subjects was controlled at <0.2 m/s in order to distinguish 
local discomfort due to vertical air temperature gradient from that due to draft perception. 
This was achieved by seating the subjects outside the adjacent zone of the DV supply 
units.  
In order to study the influence of temperature gradient on PAQ of tropically acclimatized 
subjects, physical parameters such as the room air RH and outside air flow rate should be 
controlled throughout all experiments. ASHRAE Standard 62 (2001) stipulates that the 
outdoor air flow rate should not be less than 10 l/s/p. Hence, in this study, the outdoor air 
flow rate was controlled at 10 l/s/p throughout all experiments. RH in the space can 
influence thermal comfort and PAQ as well. In order to reduce confounding factors, 
based on the experience from the second preliminary study, room air RH was maintained 
at 50% throughout all experiments. 
The parameters controlled in the study are tabulated in Table 3.3. 
Table 3.3  Controlled experimental parameters (the final experiment). 
V (m/s)  Air velocity <0.2 
RH (%) 50 
Qf (l/s/p) Out air flow rate 10 
Ta (oC)  Room air temperature (0.6 m) 20, 23 and 26 
∆t (oC)  Vertical air temperature gradient 1, 3 and 5 
Metabolic rates and clothing value of subjects affect thermal sensation and comfort as 
well. In this study, subjects were engaged in sedentary office work. A metabolic rate of 
around 1.2 met was therefore expected. The entire experiments were divided into two 
stages, as shown in Table 3.4. In Stage 1, one group of experiments was designed to study 
the impact of the vertical temperature gradient on the percentage of subjects experiencing 




local discomfort at different mean room air temperatures in neutral overall thermal 
sensation. The subjects were instructed to maintain neutral overall thermal sensation by 
adjusting their clothing insulation. In Stage 2, another group of experiments was designed 
to study the impact of the vertical temperature gradient on the percentage of subjects 
experiencing local discomfort at different overall thermal sensations. The experiment 
conditions were similar to those in Stage 1, whereas during the experiments the subjects 
were not allowed to adjust their clothing insulation in order to achieve different overall 
thermal sensations. The subjects were carefully selected from healthy undergraduates of 
the University. They were “blind” to test conditions in the experiments. Each 
experimental session lasted for 3 hours. Skirts and trousers were compulsory for females 
and males respectively and all subjects were required to wear open-toe sandals with socks.  
Table 3.4  Nominal room conditions (the final study). 
Stage 1 2 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Ta (°C)  
(0.6m height) 20 20 20 23 23 23 26 26 26 20 20 20 26 26 26
∆t   (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5
Nominal 
value 
RH (%) 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
For Cases 1 to 9 in experimental Stage 1, the manikin was controlled at a thermal comfort 
mode. In experimental Stage 2, the manikin operated in fixed heat loss output of 65 and 
35 W/m2 for Cases 10 to12 and 13 to 15 respectively. A detailed description of 
assessment using the thermal manikin is presented in Section 5.3. 
3.3 Experimental facilities 
3.3.1 Instrumentation 
Table 3.5 shows the list of instruments employed to measure all the essential parameters. 
The instruments used to measure the parameters are shown in Figure 3.2 to Figure 3.7. 




Table 3.5  Instrumentations. 
Parameter Instrument Accuracy 
Temperature Type T thermocouple wire ±0.2°C 
Room air RH  Miniature battery-powered HOBO logger. ±5% RH 
Return air flow rate Hood and vane anemometer  ±1% 
Supply air flow rate PRA damper ±5% 
Air velocity Omni-directional hot-wire type of anemometer  ±0.02 m/s 
Global temperature Global thermometer  
Concentration of CO2, 
formaldehyde, TVOC, etc. 
Photoacoustic spectrometer multi-





Figure 3.2  HOBO logger. Figure 3.3  PRA damper. 
  
Figure 3.4  Hood and vane anemometer. Figure 3.5  Hot-wire anemometer probes. 







Figure 3.6  Global thermometer. Figure 3.7  Photoacoustic spectrometer 
multi-gas analyzer. 
3.3.2 Experimental chambers and measuring locations 
3.3.2.1 The first preliminary study 
Experiments were carried out in a thermal chamber, 6.6m (L) x 3.7m (W) x 2.6m (H), at 
the School of Design and Environment, the National University of Singapore. The Air-
Conditioning and Mechanical Ventilation (ACMV) system is capable of controlling the 
supply air temperature and airflow rate by adjusting the off coil temperature and fan 
speed, using the computer controller to achieve the required room conditions. There were 
6 workstations inside the chamber with two large glass panels on one side of the wall to 
simulate a typical office environment. It is noted that the distance between the occupants 
and the DV supply units affects the occupants’ thermal sensation and comfort (Lian, Z., 
2002; Melikov et al, 1990). Hence, in this study, the subjects were seated at the 
workstations 1, 3, 4 and 6 only, which are at the same distance from the DV supply units. 
Figure 3.8 shows the layout of the chamber. Air was supplied from two floor-standing, 
semi-circular units at two ends of the chamber and extracted from two ceiling grilles, E1 
and E2.  





Figure 3.8  Thermal chamber layout (the first preliminary study). 
Note: WS denotes workstation, E denotes extract grille and L denotes measuring location. 
The DV supply unit and return grille used in the first preliminary study are shown in 
Figure 3.9 and Figure 3.10 respectively. The same type of DV supply unit and return grill 






Figure 3.9  DV supply unit. Figure 3.10  Return grille. 




Figure 3.8 also shows measuring locations in the first preliminary study. A description of 
the measuring locations and heights is presented as follows: 
1. Supply and return air temperatures were measured with Type T thermocouple wires 
placed inside the DV supply units and return grilles respectively. The thermocouple 
wires were connected to a data logger.  
2. Wall surface temperatures were measured with thermocouple wires at three heights 
namely 0.1, 1.3 and 2.5 m. Surface temperatures of the ceiling and floor were also 
measured by thermocouple wires. 
3. Air temperature, velocity and turbulence: Hot-wire anemometer probes were placed at 
five heights: 0.1, 0.3, 0.6, 0.9 and 1.1 m at locations of L1 and L2. 
4. Room air RH: HOBO loggers were placed at five heights (0.1, 0.3, 0.6, 0.9 and 1.1 m) 
at locations of L1 and L2. 
5. Global temperature was recorded at 0.6 m height, using a black global thermometer at 
the location of L3.  
6. Supply and return air flow rates were measured at the PRA damper directly above the 
supply units or return grilles of the ductwork. 
7. Concentrations of CO2, formaldehyde, TVOC, etc. were measured at locations of L1 
and L2 at four heights, namely 0.1, 0.6, 1.1 and 1.7 m. Concentrations were also 
measured in supply and return ducts as well as outside air inlet, which are not marked 
in Figure 3.8.  




3.3.2.2 The second preliminary study 
Experiments were carried out in the FEC at the School of Design and Environment, the 
National University of Singapore in December 2003. The size of the chamber is 11.12m 
(L) × 7.53m (W) × 2.6m (H). The FEC has an east-facing wall consisting of large glass 
panels, which were insulated with aluminum foil externally and furnished with blinds 
internally to reduce heat conduction and solar radiation. The layout of the chamber, which 
simulates a typical office environment, is shown in Figure 3.11. There were eight 
workstations inside the chamber with each workstation consisting of one table, one 
computer and one upholstered chair with a backrest. The ACMV system used is capable 
of achieving the required room conditions by adjusting the supply air temperature and 
airflow rate. Low velocity cool air was supplied from the floor-standing, circular units at 




























Figure 3.11  Layout of the Field Environment Chamber (the second preliminary study). 
Note: WS denotes workstation number and L denotes measuring location. 




Figure 3.11 also shows measuring locations for the second preliminary study. A 
description of the measuring locations and heights is presented as follows: 
1. Supply and return air temperatures were measured with type T thermocouple wires 
placed inside the supply units and return grilles respectively. The thermocouple wires 
were connected to a data logger.  
2. Surface temperatures of the wall, ceiling and floor were measured, using 
thermocouple wires to determine the mean radiant temperature of the chamber. For 
wall temperatures, the thermocouple wires were placed at five heights: 0.1, 0.6, 1.1, 
1.7 and 2.5 m. 
3. Air temperature, velocity and turbulence were measured, using hot-wire anemometers 
at locations of L1, L2, L3 and L4. The probes were placed at four heights at each 
location, namely 0.1, 0.6, 0.8 and 1.1 m. 
4. RH was measured using HOBO loggers. The measuring locations were at L1, L2, L3 
and L4, where the HOBO loggers were placed at six heights: 0.1, 0.6, 0.8, 1.1, 1.7 and 
2.5 m at each location. 
5. Global temperature was recorded at 0.6 m height, using a black global thermometer at 
the location of L5.  
6. Supply and return air flow rates were measured at the PRA damper directly above the 
supply units or return grilles in the ductwork. 
7. Concentrations of CO2, formaldehyde, TVOC, etc. were measured at the location of 
L2, at three heights, namely 0.6, 1.1 and 1.7 m. Concentrations were also measured in 
supply and return duct as well as outside air inlet, which are not marked in Figure 
3.11. 




3.3.2.3 The final study 
This study was conducted in the same chamber as the second preliminary study, but with 
a different layout at the National University of Singapore, between July and September 
2004. A mock-up of a typical office was installed in the chamber, as shown in Figure 3.12. 
Sixteen identical workstations (WS) were arranged equally in two rows and positioned at 
the centre of the chamber with each WS consisting of a computer and an upholstered 
chair with a backrest. Light bulbs, which had been switched on before the subjects 
entered the chamber, were switched off as they entered in order to maintain a constant 











Figure 3.12  Layout of the Field Environment Chamber (the final study). 
Note: WS denotes workstation number and L denotes measuring location. 
Figure 3.12 also shows measuring locations in the chamber for the final study. The 
measuring locations and heights are as follows: 




1. Supply and return air temperatures were measured with type T thermocouple wires 
placed inside the supply units and return grilles respectively. Thermocouple wires 
were connected to a data logger.  
2. Surface temperatures of the wall, ceiling and floor were measured, using 
thermocouple wires to determine the mean radiant temperature of the chamber. For 
wall temperatures, thermocouple wires were placed at five heights: 0.1, 0.6, 1.1, 1.7 
and 2.5 m. 
3. Air temperature, velocity and turbulence were measured, using hot-wire anemometers 
at locations of L1, L2, L3 and L4. The probes were placed at four heights at each 
location, namely, 0.1, 0.6, 0.8 and 1.1 m. 
4. RH was measured using HOBO loggers. The measuring locations were at L1, L2, L3 
and L4, where the HOBO loggers were placed at six heights: 0.1, 0.6, 0.8, 1.1, 1.7 and 
2.5 m at each location. 
5. Global temperature was recorded at 0.6 m height, using a black global thermometer at 
the location of L5.  
6. Supply and return air flow rates were measured at the PRA damper directly above the 
supply units or return grilles of the ductwork. 
7. Concentrations of CO2, formaldehyde, TVOC, etc. were measured at the location of 
L2 at five heights, namely 0.1, 0.6, 1.1, 1.7 and 2.5 m. Concentrations were also 
measured in supply and return duct as well as outside air inlet, which are not marked 
in Figure 3.12.  
8. The thermal manikin was seated at the location of L6.  




3.4 Methods of data collection 
3.4.1 Objective measurement 
Objective measurement started 5 to15 minutes prior to each experiment and ended 5 to 15 
minutes after the experiment. During each experiment, objective data such as the 
temperature, humidity and air velocity were measured and logged simultaneously during 
the experiment. The logging intervals of various parameters are as follows: 
1. Temperature: 10 seconds. 
2. Room air RH: 2 minutes. 
3. Air velocity: 10 seconds. 
3.4.2 Subjective assessment 
In the preliminary studies, each session of the experiment lasted for 2 hours and subjects 
were asked to complete the questionnaire at 20-minute interval. In the final study, each 
session of the experiment lasted for 3 hours and the subjects were asked to complete the 
questionnaire at 30-minute interval. The experiment proceeded as follows:  
1. The subjects arrived at the chamber 15 minutes prior to the commencement of the 
experiment. Before the start of the experiment, the subjects were briefed on the 
procedure of the experiment. They then proceeded to complete the first part of the 
questionnaire which inquires about their personal particulars, thermal sensation for 
the whole body, thermal condition acceptability, perceived air quality and 
acceptability and environment assessment. 




2. After the acclimatization period, the subjects entered the chamber and started to 
record the perceptions on the thermal sensation and comfort for the overall and body 
segments, air movement detection and PAQ at the time of just entering. 
3. For every 20 (in the preliminary studies) or 30 minutes (in the final study) thereafter, 
subjects completed the same questionnaire on their perceptions at that time. 
4. At the end of the experiments, the subjects were also required to indicate the type of 
clothing that they were wearing at that time. 
3.5 Questionnaire 
During the experiments, subjects were required to complete a questionnaire on personal 
particulars, thermal sensation and comfort levels for both the whole body and various 
body segments, air movement perception and acceptability, IAQ perceptions (odor 
intensity, perceived air quality acceptability, environment assessment, irritation 
assessment and personal sensation) as well as the types of clothing worn at that time. 
3.5.1 The preliminary studies 
In the preliminary studies, for draft perception, a Yes/No category scale was used for air 
movement sensation. Subjects who replied “Yes” to this question were required to answer 
three further questions: the body segments that feel air movement, the acceptability level 
of air movement, and the preference for the change of air movement.  
A divided continuous scale was used to determine the acceptability for thermal condition, 
air movement and PAQ. Divided into two parts with “Just Acceptable” and “Just 
Unacceptable” in the middle, this scale allowed the subjects to make a definite choice and 
grade the degree of acceptability or unacceptability clearly. An undivided continuous 




scale was used for the remaining parts of the questionnaire. A sample of the scales is 
shown in Figure 3.13, while a complete set of the questionnaire used in the preliminary 
studies is given in Appendix A.1. 
          
    |_______________________________________________|   
 Figure 3.13  Continuous scale used in the questionnaire. 
(a) Divided continuous scale (upper); (b) Undivided continuous scale (lower). 
Subjective data were acquired from various scales on the questionnaires and processed 
according to the following principles: 
1. Results from the undivided continuous scale for thermal sensation were categorized 
using ASHRAE’s seven-point scale: (-3) cold, (-2) cool, (-1) slightly cool, (0) neutral, 
(+1) slightly warm, (+2) warm and (+3) hot. 
2. Results from the undivided continuous scale for odor intensity and irritations were 
categorized into: (0) no, (1) slight, (2) moderate, (3) strong, (4) very strong. 
3. Results from the divided continuous scales for acceptability of thermal condition, air 
movement and PAQ were classified as (-1) very unacceptable, (0) just 
unacceptable/just acceptable and (+1) very acceptable.  
4. Only the air movement, which was perceived as unacceptable by the subjects, was 
considered as draft. 
    Very Unacceptable        Just Unacceptable 
      Just Acceptable               Very Acceptable  




3.5.2 The final study 
The same scale used in the preliminary studies for draft perception and PAQ assessment 
was adopted in the final study.  
In the final study, the ASHRAE scale, (-3) cold, (-2) cool, (-1) slightly cool, (0) neutral, 
(+1) slightly warm, (+2) warm and (+3) hot, was used to assess subjects’ thermal 
sensation for overall body and body segments. The ASHRAE scale is based on a measure 
of how warm or cool occupants feel, which only measures the temperature that occupants 
perceived. Thermal comfort is the condition of mind which expresses satisfaction with the 
thermal environment (ASHRAE Standard 55, 2004; ISO 7730, 1994). It is not necessarily 
dependent on only thermal sensations. Perceptions of thermal comfort may also have to 
do with expectation, adaptation to conditions and other factors (Zhang H., 2003). 
Although the ASHRAE scale has no direct reference to thermal comfort, it is usually 
assumed that the three central categories indicate the zone of thermal comfort. However, 
researchers (Paciuk and Becker, 2002; Schiller, 1990; Wong and Khoo, 2003) found that 
many occupants voting in the three central categories on the ASHRAE scale reported that 
they were not comfortable. Conversely, thermal sensations outside of the three central 
categories of the ASHRAE scale do not necessarily reflect thermal discomfort. Overall, 
these findings suggest that thermal sensation cannot be assumed to be equivalent to 
thermal comfort. Information about thermal sensation alone is not sufficient to evaluate 
occupants’ thermal comfort. It is worth directly asking occupants to evaluate the thermal 
satisfaction of the temperature.  
The Bedford scale, (-3) much too cold, (-2) too cold, (-1) comfortable cool, (0) neither 
warm nor cool, (+1) slightly warm, (+2) too hot and (+3) much too hot, is often used in 
thermal comfort studies. It arose from Bedford (1936)’s magisterial field study of the 




winter warmth of workers in light industry. The characteristic of this scale is its 
combination of warmth and comfort by asking occupants to decide whether they are 
comfortable at a particular thermal sensation. In this study, the Bedford scale was adopted 
to assess thermal comfort level. 
 
Figure 3.14  A sketch of human body segments used for thermal sensation assessment. 
To reduce ambiguity in language, a sketch of human body segments, as shown in Figure 
3.14, was used for the assessment of thermal sensation and comfort for the overall and 
individual body segments. Subjects were asked to assess the seven categories defined for 




whole-body thermal sensation and comfort, select the category that best describes the 
thermal sensation and comfort of a particular body segment, and to write its number in the 
corresponding box before proceeding to the next body segment. One additional response 
box was not linked to any body segment and was labeled “Whole-body”. Subjects 
indicated their whole-body state of thermal sensation and comfort by writing the 
appropriate number in this box as well. A complete set of questionnaires for the final 
study is shown in Appendix A.2. 
3.6 Subjects 
Only college-age students who were acclimatized to the tropical climate were chosen in 
the preliminary and final studies. A total of 24 subjects, (7 males and 17 females) and 8 
subjects, (6 males and 2 females), were selected for the first and second preliminary 
studies respectively. In the final study, 60 subjects (30 for Stage 1 and 30 for Stage 2) 
were selected for the experiment. The anthropometric data of the subjects for the 
preliminary and final studies are presented in Table 3.6, Table 3.7 and Table 3.8 
respectively.  
Table 3.6  Anthropometric data of subjects in the first preliminary study. 
Gender Females Males Total 
Numbers 17 7 24 
Age (years) 22.2 ±1.2 22.9 ±0.9 22.4 ±1.1
Height (cm) 161.8 ±3.8 176.1 ±1.9 166 ±7.4
Weight (kg) 53.2 ±2.6 66.1 ±2.7 57.0 ±6.5
Table 3.7  Anthropometric data of subjects in the second preliminary study. 
Gender Female Male Total 
Numbers 2 6 8 
Age (years) 22.0 NA 23.2 ±2.1 22.9 ±1.9 
Height (cm) 159.5 ±4.9 166.5 ±3.8 164.8 ±4.9 
Weight (kg) 45.0 ±4.2 63.7 ±6.6 59.0 ±10.4 




Table 3.8  Anthropometric data of subjects in the final study. 
OTS Neutral Cold and warm 
Gender Females Males Total Females Males Total 
Numbers 15 15 30 15 15 30 
Age (years) 21.7 ±1.0 23.2 ±2.8 22.5 ±2.2 21.8 ±0.9 24 ±2.3 22.9 ±2.1
Height (cm) 160.9 ±5.6 169.1 ±7.0 165 ±7.5 161.9 ±5.4 172.1 ±5.0 167 ±7.3
Weight (kg) 50.6 ±6.9 63.9 ±10.8 57.3 ±11.2 52.1 ±7.4 66.7 ±10.4 59.4 ±11.6
3.7 Method of data analysis 
Only the data for the last votes of each experiment were used for analysis since the 
subjects would have fully been acclimatized after they were exposed to the environment 
for 2 to 3 hours. The statistical software SPSS (Version 12) was used to analyze results 
obtained from the questionnaires. A test for normality was performed to examine whether 
the data were normally distributed. This was used to indicate whether parametric or non-
parametric tests would be appropriate for statistical analysis of the data. When the test 
shows that the samples were normally distributed, parametric tests such as Paired T test 
were used to determine whether there were any significant differences between the two 
cases. If not, non-parametric test such as the Wilcoxon Matched-Paired Signed-Ranks test 
was used. Chi-square test was used to investigate the significant differences of thermal 
comfort, draft perception and PAQ among different conditions. Relationships were 
explored, using regression or probit analysis among overall and local thermal sensations 
as well as local thermal discomfort and other parameters such as vertical air temperature 
gradient, room air temperature and overall thermal sensation, etc. 
 




CHAPTER 4 RESULTS AND DISCUSSION OF THE 
PRELIMINARY STUDIES 
4.1 The first preliminary study 
4.1.1 Experimental conditions 
Nominal and actual values of experimental conditions for all cases in the first preliminary 
study are shown in Table 4.1. A detailed record of experimental conditions is further 
shown in Appendix B.1. 
Table 4.1  Experimental conditions (the first preliminary study). 

























Mean Mean S.D. Mean S.D. Mean S.D. Mean
1 22 5 10 55 21.8 21.6 0.2 5.3 0.5 55 1.3 9.6 
2 22 1 10 55 23.0 22.5 0.4 0.9 0.3 55 0.9 10 
 
4.1.2 Objective results 
4.1.2.1 Profiles of room air temperature 
Figure 4.1 shows the room air temperature profiles of Cases 1 and 2. Subjects, PCs and 
lightings were the heat sources inside the chamber. These heat sources radiated heat 
which was absorbed by the floor. The warmed-up floor then transferred the heat to the air 
through conduction and convection. This explains the higher temperature gradient in the 
space from the floor level to about 0.3 m height. It was observed that the air temperatures 




at 0.1 m height were 18.7 and 22oC for Cases 1 and 2 respectively. The difference of air 














Case 1 Case 2  
Figure 4.1  Profiles of room air temperature (the first preliminary study). 
 














Case 1 Case 2  
Figure 4.2  Profiles of room air RH (the first preliminary study). 
 
The values of RH at 0.6 m height were around 55% for Cases 1 and 2, as shown in Figure 
4.2. However, RH at 0.1 m height was much higher for Case 1 with a higher temperature 
gradient than for Case 2 because the air temperature at 0.1 m height for Case 1 was much 




lower than for Case 2. For the same moisture content, a lower air temperature leads to 
higher RH. 
4.1.2.3 Profiles of air velocity  
The values of air velocity at 0.1 m height were around 0.15 and 0.24 m/s for Cases 1 and 
2 respectively, as shown in Figure 4.3. The average value of air velocity for Case 1 was 
lower than for Case 2. This is because the air flow rate for Case 1 was much lower than 














Case 1 Case 2  
 
Figure 4.3  Profiles of air velocity (the first preliminary study). 
 
4.1.2.4 Profiles of turbulence 
The profiles of turbulence for Cases 1 and 2 were similar, as shown in Figure 4.4. The 
turbulence at 0.3 m height was the highest compared with those at other heights. 
Nevertheless, the values at different heights for Case 2 were always higher than those for 
Case 1.  

















Case 1 Case 2  
Figure 4.4  Profiles of turbulence (the first preliminary study). 
 
4.1.3 Subjective results 
4.1.3.1 Overall Thermal Sensation (OTS), Overall Thermal Acceptability (OTA) 
and Percentage Dissatisfied with Overall body (OPD) 
Table 4.2  Average clo value, OTS, OTA and OPD. 
 
Table 4.2 shows the average clo value, OTS, OTA and OPD for Cases 1 and 2. The 
values of OTS were -1.36 and -0.89 for Cases 1 and 2 respectively, which are inclined 
towards the cool side of the thermal sensation scale although the subjects were allowed to 
put on additional clothing to achieve thermal neutrality. The reason is that even overall 
slightly cool sensation was less acceptable, the uncomfortable sensation was not strong 
enough to stimulate the subjects to adjust their clothing. In order to achieve overall 
thermal neutrality, more often reminder of adjusting clothing is needed during the 
  Case 1 Case 2  
  Mean S.D. Mean S.D. p-value
Clo value  0.49 0.12 0.56 0.16  
OTS Cold (-3), Hot (+3) -1.36 1.16 -0.89 0.89 0.16 
OTA Very Unaccep. (-1),VeryAccep. (+1) 0.09 0.40 0.20 0.38 0.41 
OPD % 45.83  33.33  0.38 




experiment in the future study. The difference of OTS between these two cases was not 
significant (p=0.16). The OTA for Case 2 was higher than that for Case 1 with non-
significant difference (p=0.41). The OPD for Case 1 was 45.8%, which is higher than 
33.3% for Case 2 with non-significant difference. One reason for the high OPD in these 
two cases may be that the values of OTS in these 2 cases were close to the cool side. 
When the data were analyzed in detail, it was found that the average votes of OTS for 
subjects who voted “unacceptable” were -1.71 and -1.55 for Cases 1 and 2 respectively. 
Conversely, the average votes of OTS for subjects who voted “acceptable” were -1.23 
and -0.57 for Cases 1 and 2 respectively. Another possible reason is that the distance 
between the DV supply units and subjects was rather close. Hence, the air velocity 
experienced by subjects at the lower body segments was relatively high, as shown in 
Figure 4.3. Therefore, in order to study the thermal effect of temperature gradient, the air 
velocity around subjects needs to be minimized and the OTS of subjects needs to be 
maintained around neutrality in a future study. 




























Figure 4.5  LTS of body segments (the first preliminary study). 
  




Figure 4.5 shows the values of LTS of body segments for Cases 1 and 2. The results 
reveal that the LTS votes of the feet, calves or arms were lower than those of the other 
body segments. During the experiment, most subjects wore short-sleeve shirts. This could 
be the reason that local thermal sensation of the arms was low for both these two cases. 
Case 1, with a higher temperature gradient, had lower votes of LTS for all body segments 
than Case 2. Only the votes of LTS of the arms were significantly different between these 
two cases (p=0.01). One possible reason is that OTS in Case 1 was colder than that in 
Case 2, although air temperatures at arms level were almost the same for these two cases, 
as shown in Figure 4.1.  
4.1.3.3 Draft perception 
Table 4.3  Draft perception (the first preliminary study). 
Case 1 Case 2  
Percentage dissatisfied Percentage dissatisfied Chi-square test 
16.7% 12.5% 0.89 
There were 16.7% and 12.5% subjects who perceived drafty for Cases 1 and 2 
respectively, as shown in Table 4.3. Although draft risk was lower at a lower thermal 
gradient, Chi-square test shows that temperature gradients had no significant impact on 
the subjects’ draft perception. 
4.1.3.4 Perceived Air Quality (PAQ) and Sick Building Syndrome (SBS) 
The subjective votes of PAQ and SBS for Cases 1 and 2 are shown in Table 4.4. For Case 
1 with a temperature gradient of 5 K/m, the subjects experienced less acceptable air 
quality (p = 0.29) and lower air freshness (p = 0.68), but the effect was not statistically 
significant. This non-significant effect might be due to a small temperature difference at 
breathing level between these two cases. According to the objective results shown in 




Figure 4.1, air temperatures at 1.1 m height for Cases 1 and 2 were 23.5 and 22.9oC 
respectively. Humidity ratio and enthalpy were very similar for these two cases as shown 
in Table 4.5. Therefore, it is reasonable that the subjects could not perceive the difference. 
In addition, adaptation effect may exist in this study after a two-hour exposure.  
Table 4.4  PAQ and SBS (the first preliminary study). 
  Case 1 Case 2  
  Mean S.D. Mean S.D. p-value
Clo value  0.49 0.12 0.56 0.16  
Perceived Air Quality       
Odor Intensity No (0), Very Strong (4) 0.26 0.43 0.42 0.63 0.14 
PAQ Acceptability Unaccep. (-1), Accep. (+1) 0.17 0.45 0.31 0.35 0.29 
Environment Assessment Unaccep. (-1), Accep. (+1) 
Too humid - Too dry  0.15 0.36 0.22 0.33 0.67 
Air stuffy - Air fresh  -0.05 0.41 0.01 0.35 0.68 
Irritation Assessment No (0), Very Strong (4) 
Nose  0.78 0.94 0.73 0.84 0.73 
Throat  1.05 1.05 0.84 0.95 0.38 
Eyes  1.23 1.15 0.94 1.04 0.33 
Personal Sensation Unaccep. (-1), Accep. (+1) 
Nose blocked - Nose clear  0.37 0.62 0.55 0.52 0.32 
Nose dry - Nose running  -0.36 0.62 -0.13 0.59 0.27 
Throat dry - Throat not dry  -0.15 0.57 -0.14 0.57 0.97 
Mouth dry - Mouth not dry  -0.13 0.59 -0.17 0.54 0.76 
Lips dry - Lips not dry  -0.42 0.56 -0.35 0.47 0.52 
Skin dry - Skin not dry  -0.15 0.52 0.01 0.63 0.37 
Eyes dry - Eyes not dry  -0.26 0.55 0.00 0.65 0.14 
Eyes aching - Eyes not aching  -0.08 0.68 0.31 0.71 0.09 
 
Table 4.5  Humidity radio and enthalpy (the first preliminary study). 
Breathing level (1.1 m height) 
Humidity ratio (g/kg) Enthalpy(kJ/kg) Case 
Mean Mean 
1 9.22 46.3 
2 9.57 47.8 
Similarly, in this study, there is no significant difference between the two cases with 




different temperature gradients in terms of SBS although drier eyes and more aching eyes 
were experienced for Case 1 with a temperature gradient of 5 K/m. This could be due to 
the low concentration of pollutants inside the chamber. There was no extra pollution 
source except the subjects themselves, so the subjects did not show any SBS due to such 
low level of pollutants. However, the votes for personal sensation in Case 1 were lower 
than in Case 2 except mouth dry as shown in Table 4.4 although there were no significant 
differences. The possible reason could be due to the OPD of thermal comfort was higher 
in Case 1 than in Case 2. This implies that PAQ and SBS may be affected by overall 
thermal comfort. Further study is needed to verify this finding. 
4.2 The second preliminary study 
4.2.1 Experimental conditions 
Nominal and actual values of experimental conditions for all cases in the second 
preliminary study are shown in Table 4.6. A detailed record of experimental conditions is 
further shown in Appendix B.2. 
Table 4.6  Experimental conditions (the second preliminary study). 

















height) Mean S.D. Mean S.D. Mean Mean S.D. 
1 22 4 10 22.9 21.8 0.4 3.8 0.3 10.9 44 1.2 
2 22 1.5 10 23.3 22.6 0.3 1.7 0.2 9.5 76 1.7 
3 25 4 10 25.8 25 0.5 3.8 0.3 9.6 60 0.9 
4.2.2 Objective results 
4.2.2.1 Profiles of room air temperature 
Similar to the first preliminary study, subjects, PCs and lightings were the heat sources 




inside the chamber. Figure 4.6 shows the room air temperature profiles of all cases. It was 
observed that the air temperature at 0.1 m for Case 1 was the lowest (19.8oC) while the 
highest was 23oC for Case 3 among all three cases. For Cases 1 and 2, the temperature 
difference at 0.1m height was 2.6oC, which is much higher than at 1.1 m height (0.4oC). 
Room air temperature profiles were similar in Cases 1 and 3 with the same temperature 
















Case 1 Case 2 Case 3
 
Figure 4.6  Profiles of room air temperature (the second preliminary study). 
 
4.2.2.2 Profiles of room air RH 
Moisture load in the chamber comes mainly from the eight subjects and the outside air. 
Room air RH for these three cases was in the range of 41.4 to 79%. The RH was the 
lowest in Case 1 and the highest in Case 3 among these three cases. This is due to the 
highest supply air temperature in Case 3 and the lowest in Case 1. Figure 4.7 shows room 
air RH profiles for all three cases. Room air RH was not controlled in these cases.  
 



















Case 1 Case 2 Case 3
 
Figure 4.7  Profiles of room air RH (the second preliminary study). 
 
















Case 1 Case 2 Case 3
 
Figure 4.8  Profiles of air velocity (the second preliminary study). 
The values of air velocity at 0.1 m height were around 0.1 m/s for these three cases, as 
shown in Figure 4.8. The difference of air velocity at 0.1 m was small among these three 




cases although the supply air flow rate for Case 2 was much higher. The reason is that 
subjects were seated away from the DV supply units. 
4.2.2.4 Profiles of turbulence 
The profiles of turbulence for these three cases are shown in Figure 4.9. The turbulence 
was between 19.0 and 39.6. The highest turbulence was at 0.1 m height for Case 1 while 
















Case 1 Case 2 Case 3  
Figure 4.9  Profiles of  turbulence (the second preliminary study). 
 
4.2.3 Subjective results 
4.2.3.1 Overall Thermal Sensation (OTS) 
Figure 4.10 shows the values of OTS for all three cases. Values of OTS for these cases 
were between -0.62 and -0.37, which is close to neutral. The difference of OTS among 
these cases was not significant.   























Figure 4.10  OTS for all cases (the second preliminary study). 
 



















Figure 4.11  OTA for all cases (the second preliminary study). 
 
Figure 4.11 shows that values of OTA for all three cases were between 0.3 and 0.4 and 
within the acceptable range. There was no significant difference among subjects’ thermal 
acceptability votes for these three cases. In addition, values of OPD were 0 for all these 
cases. This indicates subjects felt thermally comfortable in terms of overall body at room 
air temperatures of 22 to 25°C even when the temperature gradient was at 4 K/m. This 




implies that at room air temperatures of 22 to 25°C, tropically acclimatized subjects are 
able to tolerate a temperature gradient up to 4 K/m in terms of overall thermal comfort. 
Further research is needed to validate this finding.  
4.2.3.3 Local Thermal Sensation (LTS) of body segments 
Local thermal sensations of body segments for all three cases are shown in Figure 4.12.  
At a room air temperature of 22oC for Cases 1 and 2, subjects generally felt cooler at the 
arms and calves than at the other body segments. Local thermal sensations of body 
segments had no significant difference between Cases 1 and 2, except at the feet (p=0.021) 
and calves (p=0.048). Subjects felt cooler at the feet and calves for Case 1 with a 
temperature gradient of 4 K/m. This is due to the fact that air temperature at below calf 
level was lower in Case 1 with a temperature gradient of 4 K/m than in Case 2 with a 
temperature gradient of 1.5 K/m. In addition, the subjects were wearing open-toe shoes 
such as sandals or slippers during the experiment. At the same temperature gradient of 4 
K/m, in Cases 1 and 3 with room air temperatures of 22 and 25oC respectively, there was 
no significant difference for local thermal sensations of body segments but the differences 
were close to significant at the feet (p=0.09) and calves (p=0.06).  
In this study, the fluctuation span of LTS is defined as the difference of the highest and 
lowest values of LTS among body segments. The fluctuation spans of LTS in Cases 1, 2 
and 3 were 0.30, 0.22 and 0.09 respectively. The results show that at the same 
temperature gradient of 4 K/m, the fluctuation span of LTS in Case 1 with a room air 
temperature of 22oC was higher than that in Case 3 with a room air temperature of 25oC. 
At the same room air temperature of 22oC, the fluctuation span of LTS in Case 1 with a 
temperature gradient of 4oC was higher than that in Case 2 with a temperature gradient of 




1.5 K/m. However, the fluctuation spans of LTS in Cases 1 and 2 were similar, which are 
much higher than that in Case 3. This demonstrates that the difference of the fluctuation 
spans of LTS between the cases with different temperature gradients was much lower 
than that between the cases with different room air temperatures. Therefore, room air 
















Case 1 Case 2 Case 3  
Figure 4.12   LTS of body segments (the second preliminary study). 
 
4.2.3.4 Draft perception 
Table 4.7  Draft perception (the second preliminary study). 
Case 1 2 3 
Percentage of people feeling air movement (%) 0 12.5 0 
Draft perception (%) 0 0 0 
Table 4.7 shows the draft perception and percentage of subjects who felt air movement in 
all three cases. Only in Case 2, 12.5% of subjects felt air movement. This is attributed to 
the higher supply air flow rate in Case 2. Nobody felt any air movement in Cases 1 and 3. 
Draft perception was 0% in all cases. The result revealed that when the room arrangement 




and DV system were properly designed, even at a high temperature gradient of 4 K/m and 
a relatively low room temperature of 22°C, draft perception was still low and met the 
requirement of 15%, as stipulated in the current standards (ASHRAE Standard 55, 2004; 
ISO 7730, 1994). 
4.2.3.5 Perceived Air Quality (PAQ) and SBS 
4.2.3.5.1 Effect of temperature gradient 
Table 4.8  PAQ and SBS for Cases 1 and 2 (the second preliminary study). 
  Case 1 Case 2  
  Mean S.D. Mean S.D. p-value
Clo value  0.70 0.04 0.75 0.10  
Perceived Air Quality       
Odor Intensity No (0), Very Strong (4) 0.57 0.67 0.61 0.62 0.790 
PAQ Acceptability Unaccep. (-1), Accep. (+1) 0.54 0.29 0.48 0.31 0.444 
Environment Assessment Unaccep. (-1), Accep. (+1) 
Too humid - Too dry  0.12 0.20 0.03 0.11 0.240 
Air stuffy - Air fresh  0.33 0.38 0.24 0.36 0.208 
Irritation Assessment No (0), Very Strong (4) 
Nose  0.33 0.23 0.58 0.74 0.260 
Throat  0.32 0.21 0.58 0.76 0.260 
Eyes  0.38 0.29 0.64 0.75 0.253 
Personal Sensation Unaccep. (-1), Accep. (+1) 
Nose blocked - Nose clear  0.68 0.51 0.60 0.62 0.715 
Nose dry - Nose running  -0.01 0.72 -0.12 0.63 0.700 
Throat dry - Throat not dry  0.17 0.83 0.44 0.67 0.310 
Mouth dry - Mouth not dry  0.23 0.78 0.26 0.69 0.869 
Lips dry - Lips not dry  -0.07 0.54 0.14 0.66 0.026 
Skin dry - Skin not dry  0.03 0.47 0.43 0.52 0.035 
Eyes dry - Eyes not dry  0.32 0.48 0.50 0.60 0.331 
Eyes aching - Eyes not aching  0.73 0.21 0.53 0.55 0.116 
 
Table 4.8 shows the survey results of PAQ and SBS in Cases 1 and 2 with different 
temperature gradients. There was no significant difference between these two cases in 
terms of PAQ and SBS except that subjects significantly felt drier at the lips and skin in 




Case 1 with a temperature gradient of 4 K/m. This is due to the lower humidity ratio at 
breathing level (1.1 m height) in Case 1, as shown in Table 4.9. This lower humidity ratio 
is mainly caused by lower room air RH in Case 1 as compared to that in Case 2. Hence, in 
order to explore the effect of temperature gradient on PAQ and SBS, room air RH needs 
to be kept as constant in a future study.  
Table 4.9  Humidity radio and enthalpy (the second preliminary study). 
Breathing level (1.1 m height) 
Humidity ratio (g/kg) Enthalpy(kJ/kg)Case 
Mean Mean 
1 7.5 42.7 
2 13.7 58.9 
3 12.3 58 
 
PAQ acceptability and air freshness in Case 1 were higher than that in Case 2 with non- 
significant difference. This is because the enthalpy at breathing level (1.1 m height) in 
Case 1 was lower than that in Case 2, as shown in Table 4.9. This is consistent with the 
investigation by Fang et al (1998), which showed that perceived air quality decreases 
with the increase of enthalpy. The reason for the non-significant difference observed 
between these two cases may be that the difference of the enthalpy was not large enough 
to be differentiated by the subjects. Another reason could be the small sample size. 
Furthermore, adaptation effect may exist after a two-hour exposure.  
4.2.3.5.2 Effect of room air temperatures 
Table 4.10 shows the survey results of PAQ and SBS in Cases 1 and 3 with different 
room air temperatures. Similar to Cases 1 and 2, there was no significant difference in 
Cases 1 and 3 in terms of PAQ and SBS except that the subjects significantly felt drier at 
the mouth, lips and skin in Case 1. This is due to the lower humidity ratio at breathing 




level (1.1 m height) in Case 1, as shown in Table 4.9. This lower humidity ratio which is 
mainly caused by room air RH in Case 1 was much lower than that in Case 3. PAQ 
acceptability and air freshness in Case 1 were higher than those in Case 3 but with non- 
significant difference. This can be explained by that the enthalpy at breathing level (1.1 m 
height) in Case 1 was lower than that in Case 3, as shown in Table 4.9. The reason for the 
non-significant difference between these two cases is similar to that between Cases 1 and 
2, as stated in Section 4.2.3.5.1. 
 Table 4.10  PAQ and SBS for Cases 1 and 3 (the second preliminary study).  
  Case 1 Case 3  
  Mean S.D. Mean S.D. p-value
Clo value  0.70 0.04 0.58 0.06  
Perceived Air Quality       
Odor Intensity No (0), Very Strong (4) 0.57 0.67 0.61 0.77 0.67 
PAQ Acceptability Unaccep. (-1), Accep. (+1) 0.54 0.29 0.45 0.33 0.26 
Environment Assessment Unaccep. (-1), Accep. (+1) 
Too humid - Too dry  0.12 0.20 -0.02 0.16 0.10 
Air stuffy - Air fresh  0.33 0.38 0.18 0.41 0.34 
Irritation Assessment No (0), Very Strong (4) 
Nose  0.33 0.23 0.37 0.58 0.67 
Throat  0.32 0.21 0.38 0.66 0.61 
Eyes  0.38 0.29 0.62 0.84 0.36 
Personal Sensation Unaccep. (-1), Accep. (+1) 
Nose blocked - Nose clear  0.68 0.51 0.49 0.63 0.53 
Nose dry - Nose running  -0.01 0.72 -0.07 0.65 0.80 
Throat dry - Throat not dry  0.17 0.83 0.44 0.68 0.30 
Mouth dry - Mouth not dry  0.23 0.78 0.41 0.71 0.05 
Lips dry - Lips not dry  -0.07 0.54 0.21 0.67 0.03 
Skin dry - Skin not dry  0.03 0.47 0.42 0.52 0.04 
Eyes dry - Eyes not dry  0.32 0.48 0.17 0.82 0.56 
Eyes aching - Eyes not aching  0.73 0.21 0.44 0.67 0.18 
 




4.3 Review of the preliminary studies 
Two preliminary studies in two chambers with different layouts were conducted in the 
tropics. Room air temperature was between 22 and 25oC with temperature gradient in the 
range of 1 to 5 K/m. The sample size was 24 for the first study and 8 for the second study. 
The following observations were made in these studies. 
1. Temperature gradients had no significant effect on the OTA and OPD. In the first 
preliminary study, the OPD was generally high. The reasons are that the values of 
OTS were inclined towards cold side and air velocity around subjects was slightly 
high. In the second preliminary study, the subjects felt thermally comfortable in terms 
of overall body at room air temperatures of 22 to 25°C even when the temperature 
gradient was at 4 K/m. This implies that at room air temperatures of 22 to 25°C, 
tropically acclimatized subjects are able to tolerate a temperature gradient up to 4 K/m 
in terms of overall thermal comfort. Further research is needed to validate this finding.  
2. The second preliminary study demonstrates that the difference of the fluctuation spans 
of LTS between the cases with different temperature gradients was much lower than 
that between the cases with different room air temperatures. Therefore, room air 
temperatures had more significant impact on the fluctuation span of LTS than 
temperature gradients. 
3. The two preliminary studies show that temperature gradients had no significant 
impact on the subjects’ draft perception. 
4. Non-significant difference was observed in PAQ and SBS between the cases with 
different temperature gradients or room air temperatures except that the dryness of 
subjects’ some body segments was significantly different in the second preliminary 
study. However, in the second preliminary study, room moisture content was not 




controlled in the experiment. Therefore, this finding is confounded by uncontrolled 
room moisture content. 
5. In order to properly explore the effects of temperature gradient on PAQ and thermal 
comfort, moisture content inside the room should remain constant. In addition, air 
velocity around subjects should be minimized and the OTS of subjects should be 
maintained around thermally neutral in a future study.  
6. The experiment with a larger sample size is needed to confirm the findings from the 
preliminary studies since the sample size in the studies is relatively small. 




CHAPTER 5 RESULTS AND DISCUSSION OF THE 
FINAL STUDY 
5.1 Objective measurement 
5.1.1 Experimental conditions 
Table 5.1  Experimental conditions (the final study). 
Nominal value Actual value (0.6 m height) 
























1 1 50 10 20.7 20.3 0.3 1.4 0.3 52 1.4 10.9 




 5 50 10 20.6 19.9 0.2 4.9 0.4 50 1.3 11.0 
4 1 50 10 23.7 22.9 0.1 1.3 0.1 54 1.2 11.2 




 5 50 10 23.9 23.0 0.3 4.9 0.3 51 0.6 9.8 
7 1 50 10 26.7 26.1 0.2 1.0 0.3 53 1.4 10.5 






 5 50 10 26.8 25.9 0.2 4.8 0.3 53 1.4 9.1 
10 1 50 10 20.5 20.1 0.2 1.3 0.2 51 1.3 10.7 




 5 50 10 20.8 20.0 0.3 4.9 0.2 52 0.6 10.3 
13 1 50 10 26.8 26.1 0.2 1.3 0.3 52 1.5 11.0 






 5 50 10 26.9 25.9 0.2 4.6 0.2 52 1.1 9.1 
 
Table 5.1 shows the summary of the nominal and actual experimental conditions for all 
cases in the final study. For Cases 1-9 in experimental Stage 1, the subjects were allowed 
to adjust their clothing to achieve neutral Overall Thermal Sensation (OTS). There were 3 
groups of experimental condition in this stage. Nominal room air temperatures (Ta) for 
Groups 1, 2 and 3 were 20, 23 and 26oC respectively. For Cases 10 to 15 in experimental 




Stage 2, the subjects were not allowed to adjust their clothing to achieve different values 
of OTS. There were 2 groups of experimental condition in this stage. Nominal room air 
temperatures (Ta) for Groups 4 and 5 were 20 and 26oC respectively. In Group 4, cold 
OTS was expected while in Group 5, warm OTS was expected.  
For nominal room air temperatures (Ta) of 20, 23 and 26oC at 0.6 m height, respective 
actual values were in the ranges of 19.9 to 20.3, 22.9 to 23 and 25.9 to 26.2oC. For 
nominal temperature gradients (∆t) of 1, 3 and 5 K/m between 0.1 and 1.1 m heights, 
respective actual values were in the ranges of 1 to 1.4, 3 to 3.3 and 4.6 to 4.9 K/m. For 
nominal RH of 50% at 0.6 m height, actual value was in the range of 50 to 54%. For 
nominal outside air provision of 10 l/s/p, actual value was in the range of 9.1 to 11.4 l/s/p. 
The results show that actual experimental conditions were very close to nominal 
conditions. It appears that these conditions were well monitored during the experiment. It 
is observed that operative temperatures for all cases were linear correlated with room air 
temperatures at 0.6 m height. Hence, in this study, radiation effect due to temperature 
gradients was ignored. 
A series of trial tests were conducted before the experiment. The set points of room air 
temperature (at 0.6 m height), temperature gradient (between 0.1 and 1.1 m heights) and 
RH (at 0.6 m height) were achieved by adjusting supply airflow rate and temperature with 
constant heat load for all cases. The recorded data of trial tests were used as reference for 
the experiment. Details of the experimental conditions for all cases are shown in 
Appendix B.3. 




5.1.2 Profiles of the room air temperature, velocity and RH 
Typical profiles of the room air temperature, velocity and RH for Cases 1 to 3 in Group 1 
are shown in Figure 5.1, Figure 5.2 and Figure 5.3 respectively. The profiles for all cases 
are shown in Appendix C. The results show that temperature gradients were steeper 
below 1.1 m than beyond 1.1 m height. These results are similar to the findings of Xu et 
al (2001). At 0.1 m height, air velocity around subjects was around 0.1 m/s. Air velocity 
at 0.1 m height was the highest and reduced with the increase in height. At 0.1 m height, 
RH around subjects was in the range of 52 to 59%. RH at 0.1 m height was the highest 
and reduced with the increase in height, as expected when temperature increases with 
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Figure 5.2  Profiles of air velocity for Cases 1, 2 and 3 (the final study). 



















Case 1 Case 2 Case 3  
Figure 5.3  Profiles of room air RH for Cases 1, 2 and 3 (the final study). 
 
5.2 Subjective assessment 
5.2.1 Thermal sensation and comfort 
5.2.1.1 Overall Thermal Sensation (OTS) vs. exposure time 
In order to investigate the thermal effect of temperature gradient, it is important to keep 
subjects in an overall steady thermal state. The variations of OTS with exposure time for 
all cases are shown in Appendix D. The results showed that after a two-hour exposure, 
the variation of OTS was quite small. 
5.2.1.2 Overall Thermal Sensation (OTS) and Overall Thermal Comfort (OTC) 
Figure 5.4 shows the values of Overall Thermal Sensation (OTS) for Cases 1 to 9 in Stage 
1. In these cases in which overall thermal neutrality was expected, subjects were allowed 
to adjust their clothing. Clothing values were in the range of 1.12 to 1.15, 0.89 to 0.91 and 
0.63 to 0.64 clo. for Cases 1 to 3 at room air temperature of 20oC, Cases 4 to 6 at a room 
air temperature of 23oC and Cases 7 to 9 at a room air temperature of 26oC respectively. 




Cases 1 to 9 had average votes of OTS within the range of -0.6 to 0.10, which is close to 






































Figure 5.4  Values of OTS for cases in Stage 1. 
Note: Neutral-20 means neutral OTS – room air temperature of 20oC. 
Figure 5.5 shows the values of Overall Thermal Sensation (OTS) for Cases 10 to 15 in 
Stage 2. In these cases, subjects were not allowed to adjust their clothing. Cold OTS was 
expected for Cases 10 to 12 with clothing values between 0.73 and 0.77. Average votes of 
OTS were around -2, corresponding to cold sensation. Warm OTS was expected for 
Cases 13 to 15 with clothing values in the range of 0.80 to 0.85. Average votes of OTS 
were approximately around 1.1, corresponding to slightly warm sensation. 
 
 








































Figure 5.5  Values of OTS for cases in Stage 2. 
Note:  Cold-20 means cold OTS – room air temperature of 20oC. 
The values of OTS were not significantly different for temperature gradients of 1, 3 and 5 
K/m at room air temperatures of 20, 23 and 26oC (p>0.05), except for 1 pair of test 
condition with cold OTS. The values of OTS for Cases 10 and 12 were significantly 
different (p-value = 0.01). At the same room air temperature of 20oC, the values of OTS 
between Cases 1 and 3 were not significantly different while the values of OTS between 
Cases 10 and 12 were significantly different although the difference of temperature 
gradient was the same for these two pairs of test condition. This is due to the fact that the 
subjects had adjusted their clothing to maintain at thermal neutrality in Cases 1 and 3. 
However, subjects were not allowed to do so in Cases 10 and 12. In Cases 10 to 12 with 
temperature gradients of 1 to 5 K/m, values of OTS increased with the increase of 
temperature gradient. According to the profiles of room air temperature shown in 
Appendix C, average air temperatures from 0.1 to 1.1 m heights were 20.3 and 20.7oC 




respectively in Case 10 with a temperature gradient of 1 K/m and Case 12 with a 
temperature gradient of 5 K/m although the room air temperatures at 0.6 m height were 
almost the same at 20oC. The subjects experienced lower average air temperature in Case 
10 than in Case 12. Therefore, colder OTS was experienced in Case 10 than in Case 12.  
Profiles of OTC were similar to those of OTS. For Cases 1 to 9 in Stage 1, average votes 
of OTC were within the range of -0.6 to 0.13. In Stage 2, average votes of OTC were 
within the range of -2.1 to -1.73 for Cases 10 to 12 but within the range of 0.8 to 1.0 for 
Cases 13 to 15. The values of OTC were not significantly different for temperature 
gradients of 1, 3 and 5 K/m at room air temperatures of 20, 23 and 26oC (p>0.05) except 
for 1 pair of test condition under overall cold sensation. The values of OTC for Cases 10 
and 12 were significantly different (p-value = 0.019). For Cases 10 to 12 at cold OTS, 
values of OTC increased with the increase of temperature gradient.  
5.2.1.3 Local Thermal Sensation (LTS) of body segments 
Figure 5.6 shows the values of OTS and LTS for Cases 1 to 3 in Stage 1 and 10 to 12 in 
Stage 2 at a room air temperature of 20oC. For Cases 1 to 3, the values of OTS were close 
to neutral. The values of LTS were in the ranges of -1.67 to 0.27. For Cases 10 to 12, the 
values of OTS were close to cold sensation. The values of LTS were in the ranges of -
2.47 to -0.70. Among different body segments, the lowest values of LTS were at the feet 
for Cases 1 to 3, 11 and 12 while at right hand for Case 10. For Case 10 with a 
temperature gradient of 1 K/m, the air temperature at the hands level was lower than that 
in Cases 11 and 12. Due to the cold OTS and direct exposure to the air, the hands had the 
lowest LTS among body segments in Case 10. The highest were at the back or chest for 
Cases 1 to 3 while at the head or stomach for Cases 10 to 12.  
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Figure 5.7  LTS at a room air temperature of 23oC. 
Stage 1 
              Stage 2 
No clothing adjustment




The values of OTS and LTS for Cases 4 to 6 in Stage 1 at a room air temperature of 23oC 
are shown in Figure 5.7. For Cases 4 to 6, the values of OTS were almost neutral. The 
values of LTS were in the ranges of -1.0 to 0.13. Among different body segments, the 
lowest values of LTS were at the feet while the highest at the back or stomach for Cases 4 
to 6.  
Figure 5.8 presents the values of OTS and LTS for Cases 7 to 9 and Cases 13 to 15 at a 
room air temperature of 26oC. For Cases 7 to 9, the values of OTS were almost neutral. 
The values of LTS of body segments were in the ranges of -0.13 to 0.30. For Cases 13 to 
15, the values of OTS were close to slightly warm sensation. The values of LTS of body 
segments were in the ranges of 0.3 to 1.27. Among different body segments, the lowest 
values of LTS were at the head, feet or calves while the highest at the back or thighs for 
Cases 7 to 9. The lowest values of LTS were at the head or hands while the highest at the 
back or chest for Cases 13 to 15.  
The results show that for Cases 1 to 9 in Stage 1 with neutral OTS, the distributions of 
LTS were different at different room air temperatures. At room air temperatures of 20 and 
23oC for Cases 1 to 6, the values of LTS at the lower body segments were all negative. 
However, at a room air temperature of 26oC for Cases 7 to 9, the values of LTS at some 
lower body segments were positive and the values of LTS were all very close to neutral. 
It appears that room air temperatures had great impact on LTS even though with similar 
OTS. The values of LTS of the head, back, chest and stomach of the upper body segments 
did not fluctuate much in comparison with the values of LTS of the feet and calves of the 
lower body segments. The lowest LTS increased from -1.67 to -0.13 with the increase of 
room air temperature from 20oC to 26oC while the highest LTS fluctuated between 0.13 
and 0.3. Hence, with neutral OTS, fluctuation of LTS decreased with an increase of room 




air temperature. This could be attributed to the relatively low air temperature at the lower 
level in the space and uneven clothing distribution. This demonstrates that in a space 
served by a DV system, it is more difficult to achieve thermal comfort at the lower body 
segments than at the upper body segments. This finding is similar to that thermal 
conditions above table height were largely acceptable and most of the discomfort was due 
to cold legs, ankles and feet (Wyon and Sandberg, 1989). At a relatively low room air 
temperature such as 20oC with cold OTS, the values of LTS at the hands were low also. 
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Figure 5.8  LTS at a room air temperature of 26oC. 
Stage 1 
             Stage 2  
No clothing adjustment 























Gradient 1 deg. 1.77 1.27 0.90 1.90 0.97
Gradient 3 deg. 1.87 1.40 0.73 1.90 1.00
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Figure 5.9  Fluctuation spans of LTS for all cases. 
For all cases under different room air temperatures and temperature gradients, it was 
observed that the values of LTS of body segments fluctuated. As in the preliminary 
studies, fluctuation span of LTS is defined as the difference of the highest and lowest 
values of LTS among body segments. The fluctuation spans of LTS for all cases are 
shown in Figure 5.9. In Stage 1, the fluctuation spans of LTS for Cases 1 to 3 at a room 
air temperature of 20oC, Cases 4 to 6 at a room air temperature of 23oC and Cases 7 to 9 
at a room air temperature of 26oC were in the range of 1.77 to 2.23, 1.27 to 1.50 and 0.73 
to 0.93 respectively. Obviously, the fluctuation span of LTS decreased with the increase 
of room air temperature. As shown in Table 5.2, for Cases 1, 2 and 3 in Stage 1, at the 
same room air temperature of 20oC, fluctuation spans for different temperature gradients 
were not significantly different (p=0.1669). Similar profiles were observed for Cases 4, 5 
and 6 (p=0.4958) at the same room air temperature of 23oC as well as for Cases 7, 8 and 9 
(p=0.4617) at the same room air temperature of 26oC. For Cases 1, 4 and 7 in Stage 1, at 
the same temperature gradient of 1 K/m, the fluctuation spans for different room air 




temperatures were significantly different (p=0.001). Similar profiles were observed for 
Cases 2, 5 and 8 (p<0.0001) at the same temperature gradient of 3 K/m as well as for 
Cases 3, 6 and 9 (p<0.0001) at the same temperature gradient of 5 K/m. The same profiles 
were observed in Stage 2, as shown in Table 5.3. The results demonstrate that room air 
temperatures had significant impact on the fluctuation span of LTS whereas temperature 
gradients did not. In a space served by a DV system, at neutral OTS, the fluctuation span 
of LTS decreased with the increase of room air temperature. Since higher fluctuation of 
LTS leads to a higher risk of local thermal discomfort (Houdas and Ring, 1982), at 
neutral OTS, local thermal discomfort decreased with the increase of room air 
temperature in the range of 20 to 26oC. Room air temperatures had significant impact on 
local thermal discomfort whereas temperature gradients did not.  This finding is similar to 
that of Ilmarinen et al (1992) and Palonen et al (1992) in which operative temperature 
was much more important than temperature gradient for thermal comfort in non-uniform 
thermal conditions. 
Table 5.2  ANOVA test results of the fluctuation span of LTS in Stage 1. 
Thermally neutral OTS  Room  air temperature (oC)  
Temperature gradient (K/m) 20 23 26 P-value 
1 Case 1 Case 4 Case 7 0.0010 
3 Case 2 Case 5 Case 8 <0.0001 
5 Case 3 Case 6 Case 9 <0.0001 
P-value 0.1669 0.4958 0.4617  
Table 5.3  ANOVA test results of the fluctuation span of LTS in Stage 2. 
 OTS  
 Cold Slightly warm  
 Room  air temperature (oC)  
Temperature gradient (K/m) 20 26 P-value 
1 Case 10 Case 13 0.0002 
3 Case 11 Case 14 0.0006 
5 Case 12 Case 15 <0.0001 
P-value 0.7635 0.9822  




A summary of statistical analysis for the cases at temperature gradients of 1 and 5 K/m 
with the same room air temperature and at room air temperatures 20 and 26oC with the 
same temperature gradient is shown in Appendices E.1 and E.2 respectively. The results 
show that there was no significant difference for the values of LTS of body segments 
between most cases with temperature gradients of 1 to 5 K/m at the same room air 
temperature. For OTS close to neutral, only the values of LTS at right hand (p=0.039) 
were significantly different in Cases 4 and 6 at a room air temperature of 23oC. For cold 
OTS, only the values of LTS at right arm (p=0.007) and left arm (p=0.024) were 
significantly different in Cases 10 to 12 with a room air temperature of 20oC. In contrast, 
there was significant difference between LTS of the lower body segments and the hands 
in most cases with room air temperatures of 20 to 26oC at the same temperature gradient 
except at the right thigh (p=0.13) in Cases 1 and 7 and at the left thigh (p=0.09) in Cases 
2 and 8. Hence, in another respect, the results support the statement that room air 
temperatures had greater impact than temperature gradients on LTS of body segments. 
5.2.1.5 OTS vs. LTS 
In a space served by a DV system, different body segments are exposed to different 
ambient environment. This leads to different thermal sensations and comfort at different 
body segments. LTS of one body segment may have an impact on the other segments. 
However, the extent of the impact on different body segments is not always the same 
(Bader and Mead, 1950; Page and Brown, 1953). 
Figure 5.6, Figure 5.7 and Figure 5.8 also show the relationship of OTS and LTS. For 
Cases 1 to 9 with OTS close to neutral, the values of OTS were in the middle of values of 
LTS. For Cases 10 to 12 with cold OTS, values of OTS were close to the lowest values of 




LTS. For Cases 13 to 15 with slightly warm OTS, values of OTS were close to the 
highest values of LTS. 
A stepwise linear regression was employed to investigate the correlation of OTS with 
LTS. The equation is as follows: 
OTS = 0.324×LTSarm + 0.264×LTScalf + 0.203×LTSfoot + 0.173×LTSback + 0.168×LTShand 
+ 0.118, adjusted R2= 0.857       Eq. (5-1) 
The collinearity statistics for the independent variables is shown in Table 5.4. The values 
of Variance Inflation Factor (VIF) for all independent variables are less than 10. Hence, 
the independent variables are not highly inter-correlated (Tan, 2002). 
Table 5.4  Collinearity statistics for the independent variables. 
Collinearity statistics LTS Tolerance VIF 
Arm 0.195 5.131 
Foot 0.290 3.450 
Calf 0.273 3.660 
Hand 0.272 3.674 
Back 0.288 3.474 
The equation expresses that in a space served by a DV system, the value of subjects’ OTS 
was mainly affected by the values of LTS at the arm, calf, foot, back and hand. Values of 
LTS of these body segments could be used to predict OTS. The value of OTS was most 
sensitive to the values of LTS at the arm and calf. This finding is different from that of 
Zhang H. (2003). In Zhang H. (2003)’s study, body segments were divided into three 
groups – most influential, least influential and moderately influential – based on their 
influence on whole-body sensation. The most influential group consisted of the back, 
chest and pelvis while the least influential group included the hand and foot; all areas of 
the head, arms and legs belonged to the moderately influential group. In the study, local 




body surfaces of the subjects were independently heated or cooled while the rest of the 
body was exposed to a warm, neutral or cool environment. In a space served by a DV 
system, the lower body segments are always exposed to lower air temperature and higher 
air velocity than the upper body segments. Furthermore, tropical subjects used to wear 
short-sleeve shirts. Hence, in the present study, OTS was mostly affected by the LTS of 
the arm and calf. 
5.2.1.6 Local Thermal Comfort (LTC) 
Table 5.5  Thermal comfort votes for all cases. 
Stage 1 2 
OTS Neutral Cold Slightly warm 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 
head -0.33 -0.17 -0.23 -0.31 -0.17 -0.17 -0.13 0.13 0.17 -1.07 -0.83 -0.67 0.33 0.63 0.63
back 0.30 0.20 0.27 0.06 0.03 0.13 0.03 0.30 0.23 -1.10 -0.97 -0.80 0.80 1.20 0.97
chest 0.23 0.10 0.40 0.00 0.03 0.07 0.10 0.23 0.23 -1.10 -0.93 -0.67 0.73 1.13 0.97
stomach 0.23 0.10 0.40 0.06 0.03 0.07 0.07 0.27 0.23 -1.03 -0.90 -0.70 0.70 1.10 0.90
right arm 0.03 0.00 0.07 -0.44 -0.23 -0.07 0.00 0.20 0.00 -1.70 -1.60 -1.27 0.70 0.93 0.80
left arm 0.03 0.00 0.07 -0.44 -0.23 -0.07 0.00 0.20 0.00 -1.70 -1.57 -1.17 0.70 1.03 0.80
right 
hand -0.93 -1.00 -0.70 -0.69 -0.73 -0.47 -0.07 0.17 0.00 -2.37 -2.17 -2.00 0.40 0.63 0.53
left hand -0.93 -1.03 -0.70 -0.69 -0.73 -0.47 -0.07 0.17 0.00 -2.27 -2.17 -2.00 0.43 0.63 0.53
right 
thigh -0.30 -0.17 -0.23 -0.31 -0.23 -0.20 0.10 0.23 0.23 -1.33 -1.10 -0.97 0.57 0.87 0.83
left thigh -0.37 -0.13 -0.23 -0.31 -0.23 -0.20 0.07 0.20 0.20 -1.33 -1.13 -1.00 0.57 0.87 0.80
right calf -0.73 -0.80 -1.03 -0.88 -0.63 -0.70 -0.13 0.03 0.03 -1.80 -1.80 -1.67 0.77 0.57 0.53
left calf -0.77 -0.80 -1.00 -0.88 -0.63 -0.70 -0.13 0.03 0.07 -1.80 -1.80 -1.67 0.43 0.57 0.53
right foot -1.20 -1.13 -1.57 -0.88 -0.93 -1.07 -0.07 0.10 0.00 -2.20 -2.10 -2.13 0.53 0.53 0.60
left foot -1.20 -1.13 -1.57 -0.88 -0.93 -1.07 -0.07 0.07 0.00 -2.20 -2.10 -2.13 0.50 0.53 0.60
 
Table 5.5 shows values of LTC of body segments for all cases. The values of LTC of 
body segments were in the ranges of -1.57 to 0.4 for Cases 1 to 9 in Stage 1. In Stage 2, 
the values of LTC of body segments were in the ranges of -2.37 to -0.67 for Cases 10 to 




12. The values of LTC of body segments were in the ranges of 0.33 to 1.2 for Cases 13 to 
15. Among different body segments, the lower body segments and hands always had 
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Gradient 3 deg. 1.73 1.43 0.83 1.80 0.97
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Thermally neutral 
with Ta = 20 deg.
Thermally neutral 
with Ta = 23 deg.
Thermally neutral 
with Ta = 26 deg.
Cold             
with Ta = 20 deg.
Slightly warm     
with Ta = 26 deg.
 
Figure 5.10  Fluctuation spans of LTC for all cases. 
The results show that the profiles of LTC were similar to those of LTS. Thus, similar to 
fluctuation span of LTS, in this study, fluctuation span of LTC is defined as the difference 
of the highest and lowest values of LTC among body segments. Fluctuation spans of LTC 
for all cases are shown in Figure 5.10. In Stage 1, fluctuation spans of LTC for Cases 1 to 
3 at a room air temperature of 20oC, Cases 4 to 6 at a room air temperature of 23oC and 
Cases 7 to 9 at a room air temperature of 26oC were in the range of 1.70 to 2.20, 1.30 to 
1.43 and 0.83 to 0.93 respectively. Similar to fluctuation span of LTS, fluctuation span of 
LTS decreased with the increase of room air temperature also. As shown in Table 5.6, for 
Cases 1, 2 and 3 in Stage 1, at the same room air temperature of 20oC, fluctuation spans 
for different temperature gradients were not significantly different (p=0.1071). Similar 
profiles were observed for Cases 4, 5 and 6 (p=0.7701) at the same room air temperature 
of 23oC as well as Cases 7, 8 and 9 (p=0.8538) at the same room air temperature of 26oC. 




For Cases 1, 4 and 7 in Stage 1, at the same temperature gradient of 1 K/m, fluctuation 
spans for different room air temperatures were significantly different (p=0.0044). Similar 
profiles were observed for Cases 2, 5 and 8 (p=0.0001) at the same temperature gradient 
of 3 K/m as well as Cases 3, 6 and 9 (p<0.0001) at the same temperature gradient of 5 
K/m. The results demonstrate that room air temperatures had significant impact on the 
fluctuation span of LTC whereas temperature gradients did not. In Stage 2, the same 
results were observed, as shown in Table 5.7.  
Table 5.6  ANOVA test results of fluctuation span of LTC in Stage 1. 
Thermally neutral OTS Room  air temperature (oC)  
Temperature gradient (K/m) 20 23 26 P-value 
1 Case 1 Case 4 Case 7 0.0044 
3 Case 2 Case 5 Case 8 0.0001 
5 Case 3 Case 6 Case 9 <0.0001 
P-value 0.1071 0.7701 0.8538  
 
Table 5.7  ANOVA test results of fluctuation span of LTC in Stage 2. 
 OTS  
 Cold Slightly warm  
 Room  air temperature (oC)  
Temperature gradient (K/m) 20 26 P-value 
1 Case 10 Case 13 <0.0001 
3 Case 11 Case 14 0.0009 
5 Case 12 Case 15 <0.0001 
P-value 0.7023 0.7660  
 
A summary of statistical analysis for the cases at temperature gradients of 1 and 5 K/m 
with the same room air temperature and at room air temperatures of 20 and 26oC with the 
same temperature gradient is shown in Appendices E.3 and E.4 respectively. The results 
show that there was not significant difference for the values of LTC of body segments 
between most cases with temperature gradients of 1 to 5 K/m at the same room air 
temperature except for LTC at the head (p=0.037) between Cases 7 and 9 and LTC at the 




left arm (p=0.026) between Cases 10 and 12. On the contrary, there was significant 
difference between LTC of the lower body segments and hands for most cases with room 
air temperatures of 20 to 26oC at the same temperature gradient except at the left thigh 
(p=0.086) in Cases 2 and 8 and at the left thigh (p=0.056) in Cases 3 and 9. Hence, in 
another respect, the results support the statement that room air temperatures had greater 
impact than temperature gradients on the LTC of body segments.  
5.2.1.7 LTC vs. local and overall thermal sensations 
y = 0.8364x - 0.0654
R2 = 0.7403
y = 0.7715x - 0.4471
R2 = 0.7016
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Figure 5.11  Correlation of LTC and LTS of the foot. 
Figure 5.11 shows the linear regressions of LTC and LTS of the foot at cold, neutral and 
slightly warm overall body sensations. The detailed correlations of LTC and LTS of the 
other body segments are shown in Appendix F. A summary of the correlations of LTC 
and LTS of body segments is presented in Table 5.8. The slope of the linear regression of 
the foot at neutral OTS was the highest and the slope at slightly warm OTS was the 
lowest. This reveals that the slope of the linear regression of the foot was affected by the 
values of OTS. Similar results were observed at the other body segments. The results 
indicated that LTC of body segments was affected by both OTS and LTS. This is 




supported by Zhang H. (2003)’ finding of that local thermal comfort is a function of local 
and overall thermal sensations. The difference is that the model of local thermal comfort 
with local thermal sensation was a saddle type in Zhang H. (2003)’ study while it was 
linear in this study. This is due to different thermal comfort scales adopted in these two 
studies. In Zhang H. (2003)’ study, the scale of local thermal comfort was very 
uncomfortable (-4) to very comfortable (+4) whereas the Bedford scale, (-3) much too 
cold, (-2) too cold, (-1) comfortable cool, (0) neither warm nor cool, (+1) slightly warm, 
(+2) too hot and (+3) much too hot, was used in this study. 
Table 5.8  Summary of correlations of LTC with LTS of body segments. 
Stage  1 2 
OTS Neutral Cold Slightly warm 
Body 
segment LTC R
2 LTC R2 LTC R2 
Head 0.802LTS-0.021 0.604 0.808LTS-0.119 0.805 0.874LTS+0.145 0.592
Back 0.812LTS+0.044 0.662 0.805LTS-0.114 0.742 0.548LTS+0.423 0.319
Chest 0.850LTS+0.059 0.691 0.813LTS-0.078 0.779 0.599LTS+0.353 0.408
Stomach 0.845LTS+0.060 0.677 0.690LTS-0.218 0.669 0.607LTS+0.326 0.418
Arm 0.908LTS-0.013 0.699 0.806LTS-0.179 0.701 0.582LTS+0.301 0.415
Hand 0.904LTS-0.009 0.776 0.823LTS-0.332 0.697 0.809LTS+0.155 0.653
Thigh 0.832LTS-0.010 0.751 0.672LTS-0.326 0.587 0.737LTS+0.136 0.596
Calf 0.853LTS-0.048 0.779 0.634LTS-0.604 0.525 0.673LTS+0.139 0.509
Foot 0.836LTS-0.065 0.740 0.772LTS-0.447 0.702 0.632LTS+0.171 0.504
When subjects felt neither warm nor cool, the value of their thermal comfort level was 0. 
Values of LTS of body segments at neither warm nor cold are shown in Figure 5.12. The 
values were obtained by setting LTC to 0 in the linear regressions of LTC with LTS of 
body segments in Table 5.8. At cold OTS, values of LTS of body segments being 
thermally comfortable were all positive. The highest was 0.95 at the calf while the lowest 
was 0.1 at the chest. At slightly warm OTS, values of LTS of body segments at thermal 
comfort were all negative. The highest was -0.17 at the head while the lowest was -0.77 at 
the back. At neutral OTS, values of LTS of body segments at thermal comfort were close 




to 0. The highest was 0.08 at the chest and stomach while the lowest was -0.07 at the foot. 
The results show that at neutral OTS, the calf and foot of the lower body segments and 
the head preferred slightly warm sensation while the stomach, chest and back of the upper 
body segments preferred slightly cool sensation. In general, the hand and the thigh, calf 
and foot of the lower body segments preferred warmer sensation in comparison with that 
of the stomach, chest and back of the upper body segments. One reason could be the 
uneven clothing distribution. Another reason is that in a non-uniform environment served 
by a DV system, air temperature is lower and air velocity is higher at the lower level than 
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Figure 5.12  Values of LTS of body segments at thermal comfort. 
5.2.1.8 Discussion 
It was observed that values of LTS and LTC of body segments fluctuated. The extent of 
the fluctuation was different at different gradients and room air temperatures. In particular, 
the values of LTS of the upper body segments did not fluctuate much in comparison with 




the values of LTS of the lower body segments. This demonstrates that in a space served 
by a DV system, it is more difficult to achieve thermal comfort at the lower body 
segments than at the upper body segments. The results showed that spans of fluctuation of 
LTS and LTC for different room air temperatures at the same temperature gradient were 
much higher than for different temperature gradients at the same room air temperature. 
This demonstrates that room air temperatures have greater impact than temperature 
gradients on LTS and LTC of body segments. Even at OTS close to neutral, local thermal 
discomfort of body segments may still exist. Local thermal discomfort decreases with the 
increase of room air temperature in the range of 20 to 26oC. This means in a space with a 
DV system, a suitable room air temperature is more important. This concurs with the 
finding that common complaints in the space with a DV system resulted from an 
unsatisfactory overall thermal sensation other than the thermal asymmetry (Wyon, 1994; 
Gan, 1995). 
The relationship of OTS and LTS demonstrates that in a space served by a DV system, 
the value of subjects’ OTS is mainly affected by the values of LTS at the arm, calf, foot, 
back and hand. The value of OTS is most sensitive to the values of LTS at the arm and 
calf. Hence, in order to create comfortable environment in the space served by a DV 
system, special attention needs to be paid to the arm and calf. This finding is different 
from that of Zhang H. (2003).  
In addition, the results indicate that both LTS and OTS have impact on LTC. As 
described by Houdas and Ring (1982), peripheral thermo-receptors and central-thermo 
receptors are located in the skin and the body core respectively. Peripheral thermometers 
located with the skin are sensitive to their own temperature and send signals to the central 
nervous system. Central nervous system integrates the signals coming from the peripheral 




and central thermal receptors and, if thermal disturbance is detected, triggers the 
appropriate mechanisms in order to minimize or even cancel the disturbance. They 
provide conscious perceptions to ambient parameters and are able to stimulate the thermal 
centers to bring about adequate behavior and or physiological responses. These may 
explain why the LTC is affected by both LTS and OTS. 
At cold OTS, all body segments prefer slightly warm sensation. At neutral OTS, the calf 
and foot of the lower body segments prefer slightly warm sensation while the stomach, 
chest and back of the upper body segments prefer slightly cool sensation. At slightly 
warm OTS, body segments prefer slightly cool sensation. In general, the hand and the 
thigh, calf and foot of the lower body segments prefer warmer sensation in comparison 
with that of the stomach, chest and back of the upper body segments.  
5.2.2 Percentage Dissatisfied 
5.2.2.1 Percentage Dissatisfied with Overall body (OPD) (whole-body sensation) 
5.2.2.1.1 OPD due to warm sensation 
Figure 5.13 shows the values of OPD due to warm sensation for all cases. A summary of 
Chi-square test is shown in Table 5.9. For Cases 1 to 9 at neutral OTS with room 
temperatures 20 to 26oC and Cases 10 to 12 at cold OTS with room air temperature of 
20oC, values of OPD due to warm sensation were 0%. For Cases 13 to 15 at slightly 
warm OTS with a room air temperature of 26oC, values of OPD due to warm sensation 
were 10, 23 and 10% with non-significant difference (p=0.237). The results show that 
values of OPD due to warm sensation were not significantly affected by room air 
temperatures and temperature gradients when room air temperature was in the range of 20 
to 26oC and temperature gradient was in the range of 1 to 5oC. However, the values of 
OPD due to warm sensation were significantly affected by OTS (p<0.001).  
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Figure 5.13  OPD due to warm sensation. 
Note: cold-20 means cold OTS – room air temperature of 20oC. 
Table 5.9  Chi-square test for OPD due to warm sensation. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,   
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 0.000 0.000 0.000 0.000 2.877 0.000 53.547 
p 1.000 1.000 1.000 1.000 0.237 1.000 <0.001 
  
5.2.2.1.2 OPD due to cold sensation 
Figure 5.14 shows the values of OPD due to cold sensation for all cases. A summary of 
Chi-square test is shown in Table 5.10. For Cases 1 to 3 at OTS close to neutral with 
room temperature 20oC, values of OPD due to cold sensation were 0, 0 to 10% for 
temperature gradients of 1, 3 and 5 K respectively (p=0.045). For Cases 4 to 9 at OTS 
close to neutral with room temperatures 23 and 26oC, values of OPD due to cold 




sensation were 0%. For Cases 1 to 9 at OTS close to neutral, room air temperature had a 
significant impact on OPD due to cold sensation (p=0.048), as shown in Table 5.10. For 
Cases 10 to 12, at overall cold sensation with a room air temperature of 20oC, the values 
of OPD due to cold sensation were in the range of 63.3 to 76.7%, which is much higher 
than at OTS close to neutral and slightly warm. For Cases 13 to 15 at overall slightly 
warm sensation with a room air temperature of 26oC, the values of OPD due to cold 
sensation were 0%. Values of OPD for all cases at different overall thermal sensations 
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Figure 5.14  OPD due to cold sensation. 
Note: cold-20 means cold OTS – room air temperature of 20oC. 
The results show that at OTS close to neutral, only when the room air temperature was 
substantially low, such as 20oC, did values of OPD due to cold sensation increase with the 
increase of temperature gradient. In addition, at OTS close to neutral, values of OPD due 
to cold sensation decreased with the increase of room air temperature. On the contrary, at 
overall cold and slightly warm sensations, values of OPD due to cold sensation were not 




significantly affected by temperature gradients. The results also indicate that overall 
thermal sensation have a significant impact on OPD due to cold sensation.  
Table 5.10  Chi-square test for OPD due to cold sensation. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,    
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 6.207 0.000 0.000 1.270 0.000 6.067 275.284 
p 0.045 1.000 1.000 0.530 1.000 0.048 <0.001 
 
5.2.2.1.3 OPD due to both warm and cold sensations 
cold-20
slightly warm-
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Figure 5.15  OPD due to both warm and cold sensations. 
Note: cold-20 means cold OTS – room air temperature of 20oC. 
Figure 5.15 shows the values of OPD due to both warm and cold sensations for all cases. 
A summary of Chi-square test is shown in Table 5.11. For Cases 1 to 12, values of OPD 




were the same with OPD due to cold sensation. The results show that at neutral OTS, 
majority of thermal discomfort at a DV environment was due to cold sensation. At 
slightly warm OTS, majority of thermal discomfort at a DV environment was due to 
warm sensation. At neutral OTS, only when room air temperature was substantially low, 
such as 20oC, did values of OPD increase with the increase of temperature gradient 
(p=0.045). This finding is similar to that of Olesen et al (1979) in which the percentage of 
people feeling discomfort increased with the increase of vertical temperature difference 
between the head and ankle levels at a room air temperature around 24oC. In addition, at 
OTS close to neutral, values of OPD decreased with the increase of room air temperature 
(p=0.048). In contrast, at overall cold and slightly warm sensations, values of OPD were 
not significantly affected by temperature gradients. The results demonstrate that overall 
thermal sensation has a significant impact on OPD (p<0.001). The impact of temperature 
gradient on OPD is different at different overall thermal sensations and air temperatures. 
Table 5.11  Chi-square test for OPD due to both warm and cold sensations. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,    
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 6.207 0 0 1.27 2.877 6.067 325.896 
p 0.045 1 1 0.53 0.237 0.048 <0.001 
 
5.2.2.2 Local Percentage Dissatisfied (LPD) with body segments  
5.2.2.2.1 LPD with body segments due to warm sensation 
The values of LPD with body segments due to warm sensation for all cases are presented 
in Appendix G1. At temperature gradients of 1 to 5 K/m, for Cases 1 to 9 with neutral 




OTS and Cases 10 to 12 with cold OTS, the values of LPD with body segments due to 
warm sensation were quite low in the range of 0 to 3.3% with non-significant difference. 
For Cases 13 to 15 with slightly warm OTS, the values of LPD due to warm sensation at 
the back were the highest in the range of 6.7 to 30%.  
A summary of Chi-square test is shown in Table 5.12. The results show that values of 
LPD with body segments due to warm sensation were not significantly affected by 
temperature gradients at overall thermally neutral and cold sensations. At neutral OTS, 
room air temperatures had no significant impact on LPD with body segments. Conversely, 
OTS had a significant impact on LPD with body segments due to warm sensation.  
Table 5.12  Chi-square test for LPD with body segments due to warm sensation. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,   
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 0.000 0.000 0.000 0.000 4.028 0.000 28.442 Head 
p 1.000 1.000 1.000 1.000 0.133 1.000 <0.001 
Chi-square 0.000 0.000 2.022 0.000 6.240 2.007 56.423 Back 
p 1.000 1.000 0.364 1.000 0.044 0.367 <0.001 
Chi-square 0.000 0.000 2.022 0.000 9.351 2.007 28.890 Chest 
p 1.000 1.000 0.364 1.000 0.009 0.367 <0.001 
Chi-square 0.000 0.000 2.022 0.000 9.351 2.007 47.969 Stomach 
p 1.000 1.000 0.364 1.000 0.009 0.367 <0.001 
Chi-square 2.022 0.000 2.022 0.000 9.630 1.007 27.086 Arm 
p 0.364 1.000 0.364 1.000 0.008 0.604 <0.001 
Chi-square 0.000 0.000 2.022 0.000 3.663 2.007 11.461 Hand 
p 1.000 1.000 0.364 1.000 0.160 0.367 0.003 
Chi-square 0.000 0.000 0.000 0.000 7.500 0.000 24.324 Thigh 
p 1.000 1.000 1.000 1.000 0.024 1.000 <0.001 
Chi-square 0.000 0.000 0.000 0.000 6.207 0.000 12.081 Calf 
p 1.000 1.000 1.000 1.000 0.045 1.000 0.002 
Chi-square 0.000 0.000 1.023 0.000 0.523 4.030 8.559 Foot 
p 1.000 1.000 0.600 1.000 0.770 0.133 0.014 




At slightly warm OTS, the values of LPD at the back (p=0.044), chest (p=0.009), stomach 
(p=0.009), arm (p=0.008), thigh (p=0.024) and calf (p=0.045) were significantly different 
for different temperature gradients. For Cases 13 to 15 with slightly warm OTS, the 
average values of LTC of body segments were around +1, as shown in Table 5.5. The 
values of LTC of body segments may easily jump from higher than +1 to less than +1 for 
different individual subjects when there was a small change in the environment. 
According to the Bedford scale adopted in this study, the thermal comfort above +1 is 
considered as uncomfortable. Therefore, LPD was easily affected by the environmental 
stimuli in this range of LTC. This may explain why LPD was significantly affected by 
temperature gradients at slightly warm OTS.  
5.2.2.2.2 LPD with body segments due to cold sensation 
The values of LPD with body segments due to cold sensation for all cases are presented in 
Appendix G2. For Cases 1 to 9 with neutral OTS, the values of LPD with the upper body 
segments due to cold sensation, except the hand, were quite low in the range of 0 to 3.3% 
with non-significant difference. The values of LPD with the lower body segments due to 
cold sensation were much higher than those due to warm sensation. This demonstrates 
that at room air temperature of 20 to 26oC, in a displacement ventilated space, the risk of 
local discomfort due to cold sensation is greater than that due to warm sensation. For 
Cases 10 to 12 with cold OTS, the values of LPD with body segments due to cold 
sensation were much higher than at Cases 1 to 9 with neutral OTS. For Cases 13 to 15 
with slightly warm OTS, the values of LPD with body segments due to cold sensation 
were 0%.  
A summary of Chi-square test is shown in Table 5.13. The results show that at neutral, 
cold and slightly warm OTS, temperature gradients had no significant impact on LPD 




with body segments due to cold sensation. The values of LPD with body segments were 
significantly affected by OTS. For Cases 1 to 9 with neutral OTS, for the upper body 
segments, only LPD at the hand due to cold sensation was significantly affected by a 
room air temperature (p<0.001). This could be due to the direct exposure of the hand to 
the surrounding air during the experiment. For the lower body segments, the values of 
LPD due to cold sensation at the thigh (p=0.002), calf (p<0.001) and foot (p<0.001) were 
significantly affected by room air temperature.  
Table 5.13  Chi-square test for LPD with body segments due to cold sensation. 
 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,   
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 0.000 0.000 0.000 2.756 0.000 0.000 70.670 Head 
p 1.000 1.000 1.000 0.252 1.000 1.000 <0.001 
Chi-square 0.000 0.000 2.022 1.731 0.000 2.007 104.518 Back 
p 1.000 1.000 0.364 0.421 1.000 0.367 <0.001 
Chi-square 0.000 0.000 0.000 2.609 0.000 0.000 88.112 Chest 
p 1.000 1.000 1.000 0.271 1.000 1.000 <0.001 
Chi-square 0.000 0.000 0.000 2.609 0.000 0.000 88.112 Stomach 
p 1.000 1.000 1.000 0.271 1.000 1.000 <0.001 
Chi-square 0.000 2.022 0.000 0.356 0.000 2.007 189.053 Arm 
p 1.000 0.364 1.000 0.837 1.000 0.367 <0.001 
Chi-square 1.118 0.274 0.000 3.369 0.000 26.038 198.613 Hand 
p 0.572 0.872 1.000 0.186 1.000 <0.001 <0.001 
Chi-square 3.214 0.000 0.000 2.055 0.000 12.273 81.280 Thigh 
p 0.200 1.000 1.000 0.358 1.000 0.002 <0.001 
Chi-square 3.626 0.424 2.022 0.367 0.000 19.771 144.871 Calf 
p 0.163 0.809 0.364 0.832 1.000 <0.001 <0.001 
Chi-square 4.680 0.129 2.022 0.120 0.000 48.328 137.803 Foot 
p 0.096 0.938 0.364 0.942 1.000 <0.001 <0.001 




5.2.2.2.3 LPD with body segments due to both warm and cold sensations 
Table 5.14  Chi-square test for LPD with body segments due to both warm and cold 
sensations. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,   
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 0.000 0.000 0.000 2.756 4.028 0.000 98.615 Head 
p 1.000 1.000 1.000 0.252 0.133 1.000 <0.001 
Chi-square 0.000 0.000 4.023 1.731 6.240 4.030 159.206 Back 
p 1.000 1.000 0.403 0.421 0.044 0.402 <0.001 
Chi-square 0.000 0.000 2.022 2.609 9.351 2.007 134.878 Chest 
p 1.000 1.000 0.364 0.271 0.009 0.367 <0.001 
Chi-square 0.000 0.000 2.022 2.609 9.351 2.007 134.878 Stomach 
p 1.000 1.000 0.364 0.271 0.009 0.367 <0.001 
Chi-square 2.022 2.022 2.022 0.356 9.630 3.000 214.25 Arm 
p 0.364 0.364 0.364 0.837 0.008 0.558 <0.001 
Chi-square 1.118 0.274 2.022 3.369 3.663 27.816 208.21 Hand 
p 0.572 0.872 0.364 0.186 0.160 <0.001 <0.001 
Chi-square 5.506 0.000 0.000 2.055 7.500 12.273 104.782 Thigh 
p 0.064 1.000 1.000 0.358 0.024 0.002 <0.001 
Chi-square 3.626 0.424 2.022 0.367 6.207 19.770 155.940 Calf 
p 0.163 0.809 0.364 0.832 0.045 <0.001 <0.001 
Chi-square 4.680 0.129 0.989 0.120 0.523 51.352 143.538 Foot 
p 0.096 0.938 0.610 0.942 0.770 <0.001 <0.001 
The values of LPD with body segments due to both warm and cold sensations are 
presented in Appendix G3. For Cases 10 to 12, the values of LPD with body segments 
were the same with the values of LPD due to cold sensation. For Cases 13 to15, the 
values of LPD with body segments were the same with the values of LPD due to warm 
sensation. 
A summary of Chi-square test is shown in Table 5.14. The results show that the values of 
LPD with body segments were not significantly affected by temperature gradients at 




neutral and cold overall thermal sensations. Conversely, the values of LPD with body 
segments were significantly affected by OTS. For Cases 13 to 15 with slightly warm OTS, 
similar to LPD due to warm sensation, the values of LPD due to both warm and cold 
sensations at the back (p=0.044), chest (p=0.009), stomach (p=0.009), arm (p=0.008), 
thigh (p=0.024) and calf (p=0.045) were significantly different for different temperature 
gradients. For Cases 1 to 9 with neutral OTS, similar to LPD due to cold sensation, the 
values of LPD due to both warm and cold sensations at the hand (p<0.001), thigh 
(p=0.002), calf (p<0.001) and foot (p<0.001) were significantly affected by room air 
temperatures.  
5.2.2.3 Percentage Dissatisfied (PD) with any segment  
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Figure 5.16  PD with any segment due to warm sensation. 
Note: cold-20 means cold OTS – room air temperature of 20oC. 




The values of PD with any segment due to warm sensation for all cases are shown in 
Figure 5.16. PD with any segment in this research is defined as the percentage of subjects 
feeling uncomfortable at any segment. Table 5.15 summarizes the Chi-square test of all 
cases. For Cases 1 to 12, values of PD due to warm sensation were quite low. For Cases 
13 to 15 with slightly warm OTS at a room air temperature of 26oC, values of PD due to 
warm sensation were in the range of 10 to 30%. Values of PD due to warm sensation 
were not significantly affected by room air temperatures and temperature gradients, as 
shown in Table 5.15. Conversely, values of the PD were significantly different at 
different overall thermal sensations (p<0.001). 
Table 5.15  Chi-square test for PD with any segment due to warm sensation. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,    
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 2.022 0.000 0.000 0.000 4.061 3.553 51.482 
p 0.364 1.000 1.000 1.000 0.131 0.169 <0.001 
 
5.2.2.3.2 PD with any segment due to cold sensation 
Values of PD with any segment due to cold sensation for all cases are shown in Figure 
5.17. Table 5.16 summarizes the Chi-square test of all cases. For Cases 1 to 9 at OTS 
close to neutral, the values of PD due to cold sensation decreased with the increase of 
room air temperature (p<0.001). For Cases 10 to 12 at overall cold sensation with a room 
air temperature of 20oC, values of PD due to cold sensation were in the range of 63.3 to 
76.7%, which is higher than at OTS close to neutral and overall slightly warm sensation. 
For Cases 13 to 15 at overall slightly warm sensation with a room air temperature of 




26oC, the values of PD due to cold sensation were 0%. The values of PD due to cold 
sensation were not significantly affected by temperature gradients. Conversely, values of 
the PD due to cold sensation were significantly different at different overall thermal 
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Figure 5.17  PD with any segment due to cold sensation. 
Note: cold-20 means cold OTS – room air temperature of 20oC. 
Table 5.16  Chi-square test for PD with any segment due to cold sensation. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,    
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 2.778 0.120 2.022 0.9 0.000 65.795 174.214 
p 0.249 0.942 0.364 0.638 1.000 <0.001 <0.001 
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Figure 5.18  PD with any segment due to both warm and cold sensations. 
Note: cold-20 means cold OTS – room air temperature of 20oC. 
Table 5.17  Chi-square test for PD with any segment due to both warm and cold 
sensations. 
 Gradient Temp. OTS 
Stage 1 2 1 1 and 2 
OTS Neutral Cold Slightly warm Neutral 
Cold, neutral,    
slightly warm 
Ta (oC) 20 23 26 20 26 20,23,26 20-26 
Case 1,2,3 4,5,6 7,8,9 10,11,12 13,14,15 1-3, 4-6,7-9 10-12,1-9,13-15 
∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 
Chi-square 4.515 0.120 2.023 0.900 4.061 68.369 211.894 
p 0.341 0.942 0.731 0.638 0.131 <0.001 <0.001 
The values of PD with any segment due to both warm and cold sensations in all cases are 
shown in Figure 5.18. Table 5.17 summarizes the Chi-square test of all cases. For Cases 
10 to12 at overall cold sensation with room air temperature of 20oC, values of PD were in 
the range of 86.7 to 93.3%, which is higher than at OTS close to neutral and overall 
slightly warm sensation. For Cases 13 to 15 at overall slightly warm sensation with a 




room air temperature of 26oC, values of PD were in the range of 10 to 30%. Values of PD 
were not significantly affected by temperature gradients, as shown in Table 5.17. 
Conversely, values of the PD were significantly different at different room air 
temperatures (p<0.001) and overall thermal sensations (p<0.001).  
It was found that for Cases 13 to 15 with slightly warm OTS at a room air temperature of 
26oC, OPD, PD with body segments and PD with any segment at Case 14 with a 
temperature gradient of 3 K/m were always higher than at the other two Cases. Room air 
temperature profiles for the cases shown in Appendix C were examined in detail. The 
average temperatures at 0.1, 0.6, 0.8 and 1.1 m heights for Cases 13, 14 and 15 were 26.3, 
26.7 and 26.2oC respectively. Therefore, the possible reason for the higher percentage 
dissatisfied in Case 14 is that the average room air temperature in Case 14 was higher 
than in the other two cases. 
Comparison of the values of PD with any segment, overall body, the upper and the lower 
body segments showed that the values of PD with any segment were the highest. At 
neutral OTS at a room air temperature of 20oC, values of OPD were in the range of 0 to 
10% whereas values of LPD with the hand and foot were in the range of 20-30% and 33.3 
to 60% respectively. The results showed that even though the percentage of subjects 
feeling overall thermal discomfort was low, much higher percentage of subjects felt local 
discomfort. Therefore, it is much more difficult to provide local thermal comfort for all 
body segments, especially in a thermally non-uniform environment. This finding is in 
accordance with that of Fanger (1977) in which it is possible to be in thermal comfort at a 
global level but still feel some local discomfort.  




5.2.2.4 Probit analyses 
5.2.2.4.1 Probability dissatisfied at different room air temperatures 
The analyses in the previous sections show that at neutral OTS, PD with any segment, 
OPD, and LPD with the hand, thigh, calf and foot were significantly affected by room air 
temperatures at 0.6 m height. Therefore, probit analyses were performed to explore the 
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Figure 5.19  PD and prob. dissatisfied with any segment at different room air 
temperatures with overall neutral sensation. 
As shown in Figure 5.19, the probability dissatisfied with any segment due to cold 
sensation reduced while the probability dissatisfied due to warm sensation increased with 
the increase of room air temperature. The probability dissatisfied with any segment was 
quite high even though OTS was neutral at room air temperatures in the range of 20 to 
26oC. In this range of room air temperature, the probability dissatisfied due to cold 
sensation was much higher than that due to warm sensation. Again this demonstrates that 




in a space served by a DV system with room air temperatures in the range of 20 to 26oC, 
the probability dissatisfied due to cold sensation is much higher than that due to warm 
sensation. The results show that the optimum room air temperature was around 26oC in 
terms of thermal comfort in a space served by a DV system in the tropics. This is in line 
with the exploration of Sekhar (1995) that room air temperatures of about 26oC with RH 
levels around 60% are quite acceptable in the tropics from thermal comfort consideration. 
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Figure 5.20  OPD and prob. dissatisfied with overall body at different room air 
temperatures with overall neutral sensation. 
The probability dissatisfied and actual OPD at neutral OTS with room air temperatures in 
the range of around 20 to 26oC are shown in Figure 5.20. The results show that the 
probability dissatisfied with overall body was quite low when temperature was in the 
range of 20 to 26oC as long as OTS was neutral. At room air temperatures above 20.5oC, 
probability dissatisfied with overall body was around 0%. Only when room air 




temperature below 20.5oC, did probability dissatisfied with overall body increase with the 
decrease of room air temperature. At room air temperature of 20oC, the probability 
dissatisfied was around 5%. In terms of overall body, in a space served by a DV system 
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Figure 5.21  PD and prob. dissatisfied with the hand at different room air temperatures 
under with neutral sensation. 
The probability dissatisfied and actual LPD with the hand are shown in Figure 5.21. For 
the upper segments, only LPD at the hand due to cold sensation was significantly affected 
by room air temperatures. This could be due to the fact that the hand was exposed to the 
surrounding air directly during the experiment as stated earlier. The results show that the 
probability dissatisfied with the hand was mainly caused by discomfort caused by cold 
sensation. The probability dissatisfied increased with the decrease of room air 
temperature. The optimum room air temperature for the hand was around 26oC, which is 




the same with for any segment. At a room air temperature of 23.4oC, the probability 
dissatisfied with the hand was 5%. 
Thigh 
The probability dissatisfied and actual LPD with the thigh are shown in Figure 5.22. 
Similar to the probability dissatisfied with overall body, probability dissatisfied with the 
thigh was quite low when temperature was in the range of 20 to 26oC as long as OTS was 
neutral. Thermal discomfort of the thigh was mainly caused by cold sensation. The 
probability dissatisfied with the thigh was much lower than that with the hand, calf and 
foot at the same room air temperature. At a room air temperature above 21.5oC, 
probability dissatisfied with the thigh was around 0%. Only when room air temperature 
was below 20.5oC, did the probability dissatisfied with the thigh increase with the 
decrease of room air temperature. At a room air temperature of 20.2oC, the probability 
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Figure 5.22  PD and prob. dissatisfied with the thigh at different room air temperatures 
with overall neutral sensation. 





The probability dissatisfied and actual LPD with the calf at neutral OTS with room air 
temperatures in the range of around 20-26oC are shown in Figure 5.23. The results 
indicated that thermal discomfort of the calf was mainly caused by cold sensation. The 
probability dissatisfied with the calf was at a similar level to that with the hand at the 
same room air temperature. The probability dissatisfied with the calf increased with the 
decrease of room air temperature. At a room air temperature of 23oC, the probability 
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PD due to warm PD due to cold Probit cold  
Figure 5.23  PD and prob. dissatisfied with the calf at different room air temperatures 
with overall neutral sensation. 
Foot 
As shown in Figure 5.24, the probability dissatisfied with the foot due to cold sensation 
reduced while the probability dissatisfied due to warm sensation increased with the 
increase of room air temperature. Probability dissatisfied with the foot was higher than 




that with the hand, thigh and the calf at the same room air temperature. At room air 
temperatures of 20 to 26oC, the probability dissatisfied with the foot due to cold sensation 
was much higher than that due to warm sensation. The results showed that the optimum 
room air temperature for the foot was around 26oC in terms of thermal comfort. At a 









19.5 20.5 21.5 22.5 23.5 24.5 25.5 26.5









PD due to warm Probit warm
PD due to cold Probit cold  
Figure 5.24  PD and prob. dissatisfied with the foot at different room air temperatures 
with overall neutral sensation. 
5.2.2.4.2 Probability dissatisfied at different thermal sensations 
The analyses in the previous sections show that PD with any segment, OPD and LPD 
with body segments were significantly affected by OTS. Meanwhile, LTC of body 
segments had strong correlation with LTS. Therefore, probit analyses were used to 
explore the probability dissatisfied with any segment and overall body at different values 
of OTS. The probability dissatisfied with body segments at different values of LTS was 
also explored.  
 





The probability dissatisfied with any segment at different values of OTS is shown in 
Figure 5.25. The results show that the optimum OTS was around 0.4, which is slightly 
towards warm side. This may be explained by the finding stated earlier that in a space 
served by a DV system at room air temperatures of 20 to 26oC, the probability dissatisfied 
due to cold sensation was greater than that due to warm sensation. At the optimum point 
of OTS, the minimum probability dissatisfied was around 13%. This revealed that it was 
very difficult to maintain all body segments at thermal comfort state although the OTS 
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Figure 5.25  PD and prob. dissatisfied with any segment vs. OTS. 
Overall body 
Figure 5.26 shows probability dissatisfied with overall body at different values of OTS. 
Probability dissatisfied with overall body was 0% at OTS in the range of -0.4 to 0.7. This 
is different from the finding of Fanger (1970), which indicated that the minimum PD was 




5% at OTS of 0 due to individual differences. In this study, subjects were allowed to 
adjust their clothing to maintain thermal comfort. Therefore, the minimum probability 
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Figure 5.26  PD and prob. dissatisfied with overall body vs. OTS. 
Body segments 
Profiles of probability dissatisfied with body segments such as the head, back, chest, 
stomach, arm, hand, thigh, calf and foot at different values of LTS are presented in 
Appendix H. The profiles of body segments were similar to that of overall body at 
different values of OTS. 
5.2.2.4.3 Prediction of OPD and PD with any segment 
The earlier study shows that the values of OPD and PD with any segment were 
significantly affected by room air temperatures and OTS. In contrast, temperature 
gradients had no significant impact on the values of OPD and PD with any segment. In 
this study, three factors, namely room air temperature, clothing value and temperature 




gradient were varied. Since temperature gradients had no significant impact, the other two 
factors should be taken into account in the prediction of OPD and PD with any segment. 
Since both room air temperature and clothing value are closely related to OTS, an 
environmental index, Standard Effective Temperature (SET*), was used to predict the 
OPD and PD with any segment. The SET* combines the effects of several parameters 
into a single index, which is defined as the equivalent air temperature of an isothermal 
environment at 50% RH in which a subject, while wearing clothing standardized for the 
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Figure 5.27  Probability dissatisfied with overall body. 
Figure 5.27 shows the probability dissatisfied with overall body at different values of 
SET*. When SET* was in the range of 25.2 to 27.6o, the probability dissatisfied with 
overall body was 0%. When SET* was in the range of 23.4 to 28.7o, the probability 
dissatisfied with overall body was less than 20%. 




Figure 5.28 shows the probability dissatisfied with any body segment at different values 
of SET*. The cold probability of any body segment reduced with the increase of SET*. 
The warm probability of any body segment increased with the increase of SET*.  At the 
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Figure 5.28  Probability dissatisfied with any body segment. 
 
5.2.2.5 Discussion 
The results showed that the impact of temperature gradient on percentage dissatisfied was 
different at different overall thermal sensations and air temperatures. OTS had significant 
impact on OPD. At neutral and cold overall thermal sensations, the percentage dissatisfied 
was mainly caused by cold sensation. At overall slightly warm sensation, the percentage 
dissatisfied was mainly caused by warm sensation. At neutral OTS, only when room air 
temperature was substantially low, such as 20oC, did values of OPD increase with the 
increase of temperature gradient. At overall cold and slightly warm sensations, values of 




OPD were not significantly affected by temperature gradients. At OTS close to neutral, 
values of OPD decreased with the increase of room air temperature. The values of PD 
with any segment due to cold reduced with the increase of room air temperature. In 
contrast, the values of PD with any segment due to warm increased with the increase of 
room air temperature. The optimum room air temperature was around 26oC in terms of 
thermal comfort in the space served by a DV system.  
Similar to OPD, values of LPD with the upper and lower body segments were 
significantly affected by OTS. Values of PD with any segment were not significantly 
affected by temperature gradients but significantly different at different room air 
temperatures and overall thermal sensations. The results showed that even though the 
percentage of subjects feeling overall thermal discomfort was low, much higher 
percentage of subjects felt local discomfort. Again, the results demonstrated that LTC was 
affected by both OTS and LTS.  
The probit analysis showed that at a room air temperature in the range of 20 to 26oC, the 
probability dissatisfied due to cold sensation was much higher than that due to warm 
sensation. The probability dissatisfied with any segment was quite high even though OTS 
was neutral at room air temperatures in the range of 20 to 26oC. On the contrary, the 
probability dissatisfied with overall body was quite low as long as OTS was neutral.  
The optimum room air temperature for any body segments, the hand, and the foot was 
around 26oC. At this room air temperature, the probability dissatisfied with overall body 
was 0%. Hence, the optimum room air temperature was 26oC in terms of thermal comfort 
in a space served by a DV system in the tropics. This is in line with the exploration of 
Sekhar (1995) that room air temperatures of about 26oC with RH levels around 60% are 
quite acceptable in the tropics from thermal comfort consideration.  




In this study, for thermally neutral sensation, at room temperature of 20oC, OPD with the 
overall body increased with the increase of temperature gradient. At room temperatures of 
23 and 26oC, temperature gradients had no significant influence on OPD. It means that 
thermal discomfort caused by temperature gradients was affected by room air 
temperatures. This finding is an extension of Olesen et al (1979)’s work. In that study, 
5% occupants felt thermal discomfort at 3 K/m gradients with an operation temperature of 
around 24oC. The experiment of Olesen et al (1979)’s work was conducted in Europe and 
the effect of room air temperature was neglected. In this study, it was found that at room 
air temperatures of 23 and 26oC, even for temperature gradient of 5 K/m, subjects did not 
feel overall discomfort as long as they were in a thermally neutral state (overall body). A 
possible reason is that in a relatively high room temperature with a temperature gradient 
of 5 K/m, actual air temperature around the upper body segments was not too high and 
the temperature around the lower body segments was not too low to cause overall thermal 
discomfort. Another possible reason is that occupants who are acclimatized to tropical 
climate may have a different thermal preference from temperate occupants. Occupants 
living in a hot and humid climate may tolerate lower air temperature at the lower body 
segments than occupants in a temperate climate so that PD was lower in this study than in 
Olesen et al (1979)’s study. The finding from this study implies that maintaining 
occupants at a neutral sensation and selecting an appropriate room air temperature can 
reduce the detrimental thermal effect of temperature gradients in the space with a DV 
system. This concurs with the finding of Wyon and Sandberg (1996), Gan (1995) and 
Zhang H. et al (2005). 




5.2.3 Percentage Dissatisfied due to air movement  
5.2.3.1 Overall Draft Risk (ODR) 
Table 5.18  Values of ODR for all cases. 
Stage 1 2 
OTS Neutral Cold Slightly warm
Ta (oC) 20 23 26 20 26 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
ODR (%) 3.3 3.3 10.0 6.7 6.7 3.3 0 0 0 16.7 20.0 13.3 0 0 0 
Although air velocity near the subjects for all cases was generally low as shown in 
Appendix C, there were still subjects who felt uncomfortable due to air movement. In this 
study, the percentage of subjects reporting any body segments as uncomfortable due to 
draft perception is defined as Overall Draft Risk (ODR). The average votes of ODR for 
all cases are shown in Table 5.18. For Cases 10 to 12 at a room air temperature of 20oC 
with cold OTS, values of ODR were between 13.3 and 20%, which is higher than that for 
Cases 1 to 3 at the same air temperature with neutral OTS. No subjects felt drafty at a 
room air temperature of 26oC when overall thermal sensations were neutral and slightly 
warm. 
5.2.3.2 Values of draft perception of different body segments 
Percentage of subjects feeling drafty at any body segments other than the foot, calf, thigh 
and arm is called Draft Risk (DR) of the other segments in this study. DRs of the foot, 
calf, thigh, arm and the other segments are shown in Figure 5.29 for Cases 1 to 3 at a 
room air temperature of 20oC with neutral OTS, Cases 4 to 6 at a room air temperature of 
23oC with neutral OTS and 10 to 12 at a room air temperature of 20oC with cold OTS. 
Cases 7 to 9 and 13 to 15 are not included in Figure 5.29 because at a room air 




temperature of 26oC, for Cases 7 to 9 with neutral OTS and Cases 13 to 15 with slightly 
warm OTS, no body segments felt drafty. Average DRs for Cases 10 to 12 with cold OTS 
were obviously higher than those for Cases 1 to 6 with neutral OTS. For Cases 1 to 6, 
DRs of the foot and calf were in the range of 3.3-10%, higher in comparison with DRs of 
the thigh and the other segments. With cold OTS, average DR of the calf was the highest. 
With neutral OTS, DRs of the arm were 0% and increased drastically to the range of 6.7 
to 13.3% with cold OTS. DRs of body segments, except for DR of the calf at a room 
temperature of 20oC with cold OTS, were less than 15%, as stipulated in existing 
standards. The results showed that outside of the adjacent zone in the space served by a 
DV system, DRs of body segments for tropically acclimatized subjects were likely to 
meet the requirement of the existing standards. DRs of the foot and calf were always the 
highest in neutral OTS. In cold OTS, DRs of the arm were relatively high. Hence, foot, 
calf and arm were the most vulnerable body segments to draft risk in the space served by 
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Figure 5.29  DRs of different body segments. 




5.2.3.3 Draft perception vs. temperature gradient and room air temperature 
Table 5.19 Draft perceptions at different temperature gradients and room air temperatures. 
 Number  Percentage 
Gradient (K/m) 1 3 5  1 3 5 
Draft 8 9 8  5 6 5 
No 142 141 142  95 94 95 
Chi-square = 0.056 P = 0.972     
Neutrality Number  Percentage 
room air temp (oC) 20 23 26  20 23 26 
Draft 5 5 0  6 6 0 
No 85 85 90  94 94 100 
Chi-square = 5.192 P = 0.075     
On the one hand, consolidating Cases 1 to 15, for temperature gradients of 1, 3 and 5 
K/m, values of ODR were 5, 6 and 5% respectively, which were not significantly different 
(P=0.972), as shown in Table 5.19. On the other hand, consolidating Cases 1 to 9 with 
neutral OTS, at different air temperatures of 20, 23 and 26oC, values of ODR were 6, 6 
and 0% respectively, which were close to significantly different (p=0.075). The results 
showed that at a certain OTS and room temperature, temperature gradients had no 
significant impact on ODR. On the contrary, ODR was almost significantly influenced by 
room air temperature. 
Table 5.20  Correlations of draft perception with room air temperature and OTS. 
DR Parameter Correlation ODR Foot Calf Arm Thigh The other segments
Coefficient -0.704 -0.704 -0.704 NA -0.550 -0.316 Room air 
temperature Sig.(2-tailed) 0.034 0.034 0.034 NA 0.125 0.303 
Coefficient -0.895 -0.821 -0.899 -0.602 -0.595 -0.384 OTS 
Sig.(2-tailed) <0.001 <0.001 <0.001 <0.001 0.007 0.081 
Correlations of DR of body segments and ODR with room air temperature are shown in 
Table 5.20. DRs of the arm were 0% for Cases 1 to 9 with neutral OTS, which were not 
affected by room air temperatures. The results indicated that DRs of the arm did not vary 




with room air temperature as long as the OTS remained as neutral. ODR and DRs of the 
foot as well as calf decreased with the increase of room air temperature (R2 = 0.034) while 
DRs of the thigh and the other segments were not significantly affected by room air 
temperatures. 
5.2.3.4 Draft perception vs. Overall Thermal Sensation (OTS) 
At a room air temperature of 20oC, ODR with neutral OTS was 6% and increased to 17% 
with cold OTS (p=0.038), as shown in Table 5.21. Consolidating Cases 1 to 15, the values 
of ODR were 17, 4 and 0% for overall cold, neutral and slightly warm sensations 
respectively. The results indicated that ODR was significantly affected by OTS (p<0.001). 
ODR was higher for cold OTS as compared to overall neutral and slightly warm 
sensations. With slightly warm OTS, no subjects felt drafty. The finding is different from 
that in a field survey conducted in a temperate climate (Pitchurov et al, 2002). In that 
study, draft discomfort was verified even among persons feeling warm or slightly warm 
for the body as a whole. One possible reason for the different findings is that occupants in 
temperate and tropical climate have different sensitivities to draft.  
Table 5.21  Draft perception at different overall thermal sensations. 
20oC Number   Percentage 
OTS Cold Neutral   Cold Neutral 
Draft 15 5   17 6 
No 75 85   83 94 
Chi-square = 5.625 P = 0.038    
 Number  Percentage 
OTS Cold Neutral Slightly warm  Cold Neutral
Slightly 
warm 
Draft 15 10 0  17 4 0 
No 75 260 90  83 96 100 
Chi-square = 28.235 P<0.001     




DRs of body segments had negative correlation with OTS, as shown in Table 5.20. The 
highest coefficient was 0.899 for the calf and the lowest was 0.595 for the thigh. The 
results indicated that OTS had a significant influence on ODR and DRs of the foot, calf, 
arm and thigh. The influence on the DR of the calf was the greatest while the influence on 
the DR of the thigh was the least. Besides, OTS had no significant impact on DR of the 
other segments (p=0.081).  
5.2.3.5 Percentage Dissatisfied due to insufficient air movement vs. Overall 
Thermal Sensation (OTS) 
At a room air temperature of 26oC, the percentage dissatisfied due to insufficient air 
movement for slightly warm OTS was 13% and decreased to 6% for neutral OTS, as 
shown in Table 5.22. The results showed that the percentage dissatisfied due to 
insufficient air movement was almost significantly affected by OTS (p=0.074). Figure 
5.30 shows the correlations of ODR with OTS and percentage dissatisfied due to 
insufficient air movement with OTS. When OTS varied from cold to slightly warm, ODR 
decreased (R2=0.887) whereas percentages dissatisfied increased due to insufficient air 
movement (R2=0.786). Optimum thermal sensation was slightly cool at -0.1. 
Table 5.22  Response on insufficient air movement. 
26oC Number  Percentage 
OTS Slightly warm Neutral  
Slightly 
Warm Neutral 
Unacceptable 12 5  13 6 
Satisfied 78 85  87 94 
Chi-square = 3.183 P = 0.074   




y = 1.3074x2 - 4.1087x + 2.5243
R2 = 0.8686

















ODR Percentage Dissatisfied (due to insufficient air movement)
 
Figure 5.30  Percentage Dissatisfied vs. OTS. 
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Figure 5.31  Draft perception of body segments vs. LTS. 
Since draft perception is local thermal discomfort caused by air movement and overall 
draft perception is significantly affected by OTS, it is reasonable to speculate that draft 
perception of a body segment is related to LTS of the corresponding body segment. The 
LTS of the foot, calf, thigh, and arm was linearly correlated with respective DRs, as 
shown in Figure 5.31. The correlation for the calf was the greatest (R2=0.841) and the 
weakest for the thigh (R2=0.6025). Further, the DRs decreased with the variation of LTS 




from cold to warm sensation. The results showed that DRs of body segments were 
affected by both OTS and LTS. 
5.2.3.7 Preference for air movement change 
Table 5.23 shows the subjects’ response of the preference for air movement change at 
different overall thermal sensations. At a room temperature of 20oC, the percentage of 
subjects who preferred higher air movement was 6% for cold OTS and increased to 14% 
for neutral OTS. The percentage of subjects who preferred lower air movement was 20% 
for cold OTS but decreased to 10% for neutral OTS (p=0.038). For both overall cold and 
neutral thermal sensations, the percentages of subjects who preferred no change in air 
movement were similar, 74% with cold OTS and 76% with neutral OTS. In contrast, at a 
room temperature of 26oC, the percentage of subjects who preferred higher air movement 
was 63% with slightly warm OTS but decreased to 49% for neutral OTS. The percentage 
of subjects who preferred no change was 37% for slightly warm OTS and increased to 
51% for neutral OTS (p= 0.051). There were no subjects preferring lower air movement 
for both overall slightly warm and neutral sensations at room temperature 26oC. The 
results also showed that for neutral OTS, the percentage of subjects who preferred higher 
air movement was 14% at a room temperature of 20oC and increased to 49% at a room 
temperature of 26oC (p<0.001). As stated early, at neutral OTS, ODR was almost 
significantly influenced by room air temperature. In the similar way, the air movement 
preference was significantly influenced by room air temperature as well.  
Figure 5.32 shows the correlations between OTS and the preference for air movement 
change. The results illustrated that preference for air movement was affected by OTS. 
The percentage of subjects that preferred lower air movement decreased with the 
variation of OTS from cold to slightly warm (R2=0.846). On the other hand, the 




percentage of subjects that preferred higher air movement increased with the variation of 
OTS from cold to slightly warm (R2= 0.854).  
Table 5.23  Response of preference for air movement change at different overall thermal 
sensations. 
 Number  Percentage 
20oC Bigger No change Smaller  Bigger No change  Smaller
Cold OTS 5 67 18  6 74 20 
Neutral OTS 13 68 9  14 76 10 
Chi-square = 6.563 P = 0.038     
 Number   Percentage  
26oC Bigger No change   Bigger No change  
Slightly warm OTS 57 33   63 37  
Neutral OTS 44 46   49 51  
Chi-square = 3.813 P = 0.051     
y = 1.0305x2 - 5.6955x + 4.3047
R2 = 0.8457
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Figure 5.32  Preference for air movement change vs. OTS. 
5.2.3.8 Discussion 
In a space served by a DV system, it is relatively easy to satisfied whole-body overall 
thermal comfort requirement but more difficult to avoid local thermal discomfort due to 
draft and vertical temperature difference. A risk of draft exists at the floor level due to 
relatively high air velocity and low air temperature (Melikov and Nielsen, 1989; 
Naydenov et al, 2002). The DR model widely used by existing standards is based on 




sensitivity to draft in the head region with airflow from behind at neutral OTS (Fanger et 
al, 1988). However, in the space served by a DV system, draft risk is mainly at the lower 
body segments. Hence, the DR model may be inaccurate in the prediction of draft risk in 
a displacement ventilated space.  
Although air velocity near the subjects for all cases in this study was generally low, as 
stated earlier, there were still subjects reporting uncomfortable due to air movement. 
Some researchers assume that draft discomfort that was reported at a mean velocity lower 
than 0.1 m/s did not clearly represent velocity-related dissatisfaction (Melikov et al, 
2005). Fanger and Christensen (1986) suggested that draft complains at low air velocities 
most likely were related to persons feeling cool in general and not to the air velocity. 
However, in practice, it is difficult to differentiate complains from real and fictitious 
velocity-related discomfort. Hence, in this study, draft risk includes draft perception from 
both real and fictitious velocity-related dissatisfaction.  
The results of this study indicated that in the space served by a DV system, the foot, calf 
and arm were the most vulnerable body segments to draft risk. Temperature gradients had 
no significant impact on draft perception. In this study, room air temperature at 0.6 m 
height was fixed for all experiments. The local air temperature around lower body 
segments was lower and higher around the upper body segments with a higher 
temperature gradient. With a higher temperature gradient, the air temperature around the 
arm did not change much and the air temperature around the foot was lower. However, 
the subjects wore socks during the experiment. So the influence of air temperature change 
on the convective cooling at the foot level was reduced. Hence, the temperature gradients 
had no significant effects on the draft perception. The finding suggests that temperature 
gradient up to 5 K/m is acceptable to tropically acclimatized subjects in terms of draft risk.  




In addition, draft risk and the percentage dissatisfied due to insufficient air movement and 
preference for air movement change were significantly affected by OTS. Draft risk and 
the percentage of preferring lower air movement decreased with the variation of OTS 
from cold to slightly warm sensation. On the other hand, the percentage dissatisfied due 
to insufficient air movement and the percentage of preferring higher air movement 
increased. This finding demonstrates that in the space served by a DV system, cold 
sensation would increase draft risk and warm sensation would increase the percentage 
dissatisfied due to insufficient air movement. This finding is supported by the observation 
that more persons feeling cool or cold felt discomfort due to draft than persons feeling 
thermally neutral or warm (Palonen and Seppänen, 1990; Toftum, 1994; Toftum and 
Nielsen, 1996). One possible reason is that a local convective cooling of the skin is 
perceived to be more uncomfortable when a person is feeling cool (Toftum and Nielsen, 
1996). 
5.2.4 Perceived Air Quality (PAQ) and Sick Building Syndrome (SBS) 
5.2.4.1 Air temperature, humidity and enthalpy at breathing level 
Table 5.24 shows room air temperature, humidity and enthalpy at breathing level (1.1 m 
height) as well as average votes of OTS for all cases. At breathing level, air temperature 
was in the range of 21.1 to 28.4oC while RH was in the range of 44.6 to 52.3oC. 
Absolute Humidity (AH) at 1.1 m height for Cases 1 to 3 at room air temperature of 20oC 
for different temperature gradients varied over a narrow band between 7.63 and 7.88 g/kg. 
Similar profiles were observed for Cases 4 to 6 with room air temperature of 23oC,   
Cases 7 to 9 and 13 to 15 at room air temperature of 26oC and Cases 10 to 12 at room air 
temperature of 20oC. The largest difference of AH for the cases with different temperature 
gradient at the same room air temperature was 0.8 g/kg, which occurred between Cases 




13 and 14 at a room air temperature of 26oC. Average values of AH for Cases 1 to 3 and 
10 to 12 at a room air temperatures of 20oC, Cases 4 to 6 at a room air temperatures of 
23oC and Cases 7 to 9 and 13 to 15 at a room air temperatures of 26oC were 7.78, 9.43 
and 11.50 g/kg respectively, which increased with the increase of room air temperature. 
The differences of AH between the cases at room air temperatures of 20 to 23oC and 23 to 
26oC were 1.64 and 2.08 g/kg respectively, which were much higher than the differences 
of AH for the cases at the same room air temperature for different temperature gradients.  
Table 5.24  Air temperature, humidity and enthalpy at 1.1 m height. 
Stage 1 2 
OTS Neutral Cold Slightly warm
Ta (oC) 20 23 26 20 26 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Temp.(oC) 21.1 22.1 23.2 23.6 25.1 25.9 26.5 28.3 28.4 21.0 22.5 23.2 26.9 28.3 28.2
S.D. 0.29 0.07 0.11 0.15 0.10 0.20 0.37 0.13 0.13 0.27 0.44 0.09 0.41 0.22 0.23
RH(%)  49.1 46.4 44.6 50.8 47.3 46.4 52.3 48.1 48.5 47.9 47.2 45.9 49.7 49.2 48.2
S.D. 0.88 0.59 1.00 0.99 0.94 0.46 0.74 0.72 0.68 1.06 0.48 0.77 0.48 1.16 0.62
AH (g/kg) 7.63 7.67 7.88 9.22 9.39 9.67 11.3 11.6 11.7 7.40 8.00 8.12 11.0 11.8 11.5
Enthalpy 
(kJ/kg) 40.5 41.6 43.3 47.1 49.0 50.5 55.4 57.8 58.4 39.8 42.8 43.8 55 58.5 57.6
There was similar observation for the values of enthalpy in all cases. The enthalpy 
difference of 4 kJ/kg between Cases 10 and 12 was the largest for the cases at the same 
room temperature with different temperature gradients. Average values of enthalpy for 
Cases 1 to 3 and 10 to 12 at a room air temperatures of 20oC, Cases 4 to 6 at a room air 
temperatures of 23oC and Cases 7 to 9 and 13 to 15 at a room air temperatures of 26oC 
were 41.97, 48.87 and 57.12 g/kg respectively, which increased with the increase of room 
air temperature. The differences of enthalpy for the cases at room air temperatures of 20 
to 23oC and 23 to 26oC were 6.9 and 8.25 kJ/kg respectively, which were much higher 
than the differences of enthalpy for the cases at the same room air temperature for 
different temperature gradients.  




In summary, the results showed that the differences of AH and enthalpy for the cases at 
different room air temperatures were much higher than the differences for the cases at the 
same room air temperature for different temperature gradients.  
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Figure 5.33  Subjective assessment of PAQ. 
In this study, PAQ refers to odor intensity, PAQ acceptability, air dryness and air 
freshness. Average votes of PAQ for all cases are shown in Figure 5.33. Average votes of 
odor intensity for all cases were in the range of 0.37 to 0.83, which is within the range of 
no odor (0) and slight odor (1). Average votes of PAQ acceptability were in the range of 
0.04 to 0.39, which is acceptable. This means that PAQ for all cases is still acceptable 
although the acceptable level is not so high. Acceptability of PAQ was obviously lower 
for Cases 13 to 15 at slightly warm OTS with a room air temperature of 26oC. Average 
votes of air dryness were in the range of -0.01 and 0.24, which was on dry sensation side, 
except for Case 7 with a room air temperature of 26oC and temperature gradient of 1 K/m. 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 
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This means that RH of 50% is too low for tropically acclimatized subjects. Average votes 
of air freshness were in the range of -0.16 and 0.32. In particular, for Cases 1 to 9 with 
neutral OTS and Cases 10 to 12 with cold OTS, average votes were above 0 on the fresh 
side. For Cases 13 to 15 with slightly warm OTS at a room air temperature of 26oC, 
average votes were in the range of -0.13 to -0.16, which is below 0 and on the stuffy side. 
5.2.4.3 Correlations of PAQ with temperature gradient and room air 
temperature  
Table 5.25  Correlations of PAQ with temperature gradient and room air temperature. 
Gradient Room temp 
PAQ Coefficient Sig. (2-tailed) Coefficient
Sig. (2-
tailed) 
Odor intensity 0.433 0.107 -0.464 0.209 
PAQ acceptability -0.093 0.649 -0.418 0.132 
Dryness 0.451 0.092 -0.818 0.007 
Freshness 0.031 0.913 -0.859 0.003 
Table 5.25 presents the values of correlation coefficient of PAQ with temperature 
gradient and room air temperature. The results showed that odor intensity, PAQ 
acceptability, air dryness and air freshness were not significantly correlated with 
temperature gradient. Room air temperatures had no significant impact on odor intensity 
and PAQ acceptability. Conversely, air dryness (p=0.007) and air freshness (p=0.003) 
significantly decreased with the increase of room air temperature.  
The non-significant impact of temperature gradient on air dryness is consistent with the 
finding of Wyon and Sandberg (1996). However, air dryness significantly decreased with 
the increase of room air temperature. The reason is that the values of AH increased with 
the increase of the room air temperature, as stated in Section 5.2.4.1. The finding of non-
significant impact of temperature gradient on air freshness differs from that of Olesen et 
al (1979) in which subjective sensation of air freshness significantly decreased with the 




increase of temperature difference between the head and ankles. In contrast, air freshness 
significantly decreased with the increase of room air temperature, which is in accord with 
the finding of Toftum et al (1998). 
A cooling effect in the respiratory tract may help to explain the finding. Total heat 
transfer is determined by the enthalpy of inhaled air. With a high indoor air enthalpy, an 
insufficient cooling may be interpreted as a local warm discomfort in the respiratory tract 
and leads to inhaled air being perceived as less fresh. The study of Olesen et al (1979), 
which was not conducted in a DV environment, showed that the temperature at breathing 
level was higher at a higher thermal gradient for a certain room temperature. However, 
there is no information on RH at this level. So the enthalpy at breathing level was 
unknown. In the present study, temperature at breathing level was higher for a gradient of 
5 K/m than for 1 K/m. Meanwhile, RH at this level was lower for a gradient of 5 K/m 
than for 1 K/m. Differences of enthalpy for the cases at the same room temperature with 
different temperature gradients were small, as shown in Table 5.24. Theses small 
differences of enthalpy were insufficient to be differentiated by the subjects. However, 
differences of enthalpy for the cases with different room air temperatures were substantial 
and higher than those at the same room air temperature with different temperature 
gradients. Hence, air freshness significantly decreased with the increase of room air 
temperature but non-significantly affected by temperature gradients in this study. 
The non-significant impact of room air temperature on odor intensity concurs with the 
finding of Fang et al (1998). However, the finding of non-significant correlation between 
PAQ acceptability and room air temperature contradicts with the finding of Fang et al 
(1998). It may be due to the period in which subjects were exposed. In the study of Fang 
et al (1998), subjects were exposed to the environment for only 20 minutes as compared 




to 3 hours in the present study. The air is perceived least acceptable immediately after 
people enter a space with air pollution. Adaptation improves acceptability of air quality 
considerably (Gunnarsen and Fanger, 1992). In the present study, adaptation could occur. 
Thus, subjects accepted the air quality after a long period of exposure. This finding is 
consistent with the finding in the preliminary study stated earlier, in which less acceptable 
air quality was experienced with an increase in room air temperature but with no 
significance.  
In summary, the results of this study demonstrated that temperature gradients had no 
significant impact on PAQ. Odor intensity and PAQ acceptability were not significantly 
affected by room air temperature. On the other hand, air dryness and air freshness 
decreased with the increase of room air temperature. 
5.2.4.4 Percentage Dissatisfied (PD) with Perceived Air Quality (PAQ) 
Table 5.26  Percentage Dissatisfied with PAQ. 
Stage 1 2 
OTS Neutral Cold Slightly warm
Ta (oC) 20 23 26 20 26 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Odor intensity 23 27 23 17 17 30 20 27 30 10 13 13 17 17 40 
Acceptability 3 10 13 3 10 13 3 10 3 13 10 10 30 43 33 
Dryness 67 73 70 57 73 63 50 47 50 60 70 77 57 70 53 
PD 
(%) 
Freshness 17 30 33 43 43 37 47 50 47 30 30 23 73 63 77 
Table 5.26 and Table 5.27 show PDs with PAQ and a summary of Chi-square test for all 
cases respectively. The vote of odor intensity in the range of no (0) to slight odor (1) is 
considered as satisfactory. Beyond this range is considered dissatisfied. The PDs with 
odor intensity were in the range of 10 to 40% for all cases, which were not significantly 
correlated with room air temperature and thermal gradient, as shown in Table 5.27. 




However, PDs with odor intensity for Cases 10 to 12 at cold OTS were significantly 
lower than for Cases 1 to 3 at neutral OTS with the same room temperature of 20oC 
(p=0.034). This implies that OTS is one factor affecting PD of odor. Normally, the 
breathing air temperature and OTS are confounded factors because a breathing air 
temperature has significant impact on OTS. Nevertheless, further study is needed to 
verify this finding. PDs with PAQ acceptability were in the range of 30 to 43% for Cases 
13 to 15 at slightly warm OTS with room temperature of 26oC, which were significantly 
higher than those at overall cold and neutral sensations (p<0.001). The PDs with PAQ 
acceptability were not significantly affected by room air temperature and thermal 
gradient. PDs with air dryness were in the range of 47 to 77% and not significantly 
affected by thermal gradients and OTS. However, they decreased significantly with the 
increase of room air temperature (p=0.011). At room air temperature of 26oC, PDs with 
air freshness for Cases 13 to 15 with slightly warm OTS were in the range of 63 to 77%, 
which were significantly higher than with neutral OTS (p=0.001). They increased 
significantly with the increase of room temperature (p=0.012) but were not significantly 
influenced by thermal gradients. 
Table 5.27  Summary of Chi-square test for Percentage Dissatisfied with PAQ. 
Gradient Temp Temp (20oC) 
Temp 
(26oC) 
Neutrality Cold Slightly warm 
PAQ Test 





chi-square 0.120 2.135 0.818 0.207 5.896 0.532 4.490 0.030 Odor intensity 
p 0.942 0.344 0.664 0.902 0.052 0.766 0.034 0.863 
chi-square 1.921 1.921 1.694 0.225 1.261 0.929 0.247 24.801Acceptability 
p 0.383 0.383 0.429 0.894 0.532 0.628 0.619 <0.001
chi-square 0.317 1.843 0.089 1.970 1.944 9.070 0.026 2.240 Dryness 
p 0.853 0.398 0.957 0.373 0.378 0.011 0.871 0.134 
chi-square 2.386 0.367 0.089 0.443 1.406 8.852 0.028 10.163Freshness 
p 0.303 0.832 0.956 0.801 0.495 0.012 0.867 0.001 




In summary, PDs with PAQ were not significantly affected by thermal gradients. While 
PDs with odor intensity and PAQ acceptability were not significantly affected by room 
air temperatures, PDs with air dryness decreased and PDs with air freshness increased 
significantly with the increase of room air temperature. For a room temperature of 26oC, 
PDs with PAQ acceptability and air stuffiness were significantly higher at slightly warm 
OTS than at neutral OTS. PDs with odor intensity were significantly lower at cold OTS 
than at neutral OTS at room air temperature of 20oC. 

































Figure 5.34  Subjective assessment of irritations. 
Figure 5.34 displays the subjective response of irritations of the nose, throat and eyes. 
The average votes of irritation of nose, throat and eyes were in the range of No (0) and 
slight irritation (1). The correlations of SBS with room air temperature and thermal 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 
Stage  1 2 




gradient are shown in Table 5.28. The results indicated that the subjective response of the 
irritations was not significantly affected by thermal gradients. On the contrary, irritations 
of nose (p=0.046) and eyes (p=0.001) decreased significantly with the increase of room 
air temperature. Possible reasons are that more moisture is in the air at a higher room 
temperature for a fixed RH and tropically acclimatized subjects used to relatively high 
moisture content.  
Table 5.28  Correlations of SBS with room air temperature and thermal gradient. 
Gradient Room temp SBS Correlation Sig. (2-tailed) Correlation Sig. (2-tailed) 
Nose irritation 0.439 0.102 -0.675 0.046 
Throat irritation 0.178 0.526 -0.483 0.188 
Eyes irritation 0.285 0.303 -0.908 0.001 
Dry throat  -0.300 0.278 0.452 0.222 
Dry mouth -0.404 0.135 0.712 0.031 
Dry lips -0.208 0.458 0.747 0.021 
Dry skin -0.482 0.069 0.591 0.094 
Dry eyes -0.367 0.178 0.587 0.096 
 
5.2.4.5.2 Dry air sensation 
Figure 5.35 displays the subjective response of dry air sensation (dry: -1, not dry: +1). 
Average votes of dry sensation of skin and eyes were inclined towards not-dry side. It 
was found that all the dry sensations were not significantly affected by thermal gradients 
and room air temperatures, as shown in Table 5.28, except the dry sensation of mouth 
(p=0.031) and lips (p=0.021) which decreased with the increase of room air temperature. 
This is again due to the higher moisture content at a higher room air temperature for a 
fixed RH. 
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Figure 5.35  Subjective assessment of dryness. 
5.2.4.5.3 Percentage Dissatisfied due to SBS 
Table 5.29  Percentage Dissatisfied due to SBS. 
Stage 1 2 
OTS Neutral Cold Slightly warm
Ta (oC) 20 23 26 20 26 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Nose irritation 23 17 27 7 20 20 7 3 10 3 3 3 7 13 17 
Throat irritation 20 27 10 17 17 17 17 20 10 10 10 13 13 23 17 
Eyes irritation 30 33 30 23 27 27 17 20 10 10 13 20 10 17 27 
Dry throat  60 47 57 47 67 47 47 53 43 43 47 47 43 43 60 
Dry mouth  60 63 67 57 67 57 40 50 40 43 50 50 37 37 57 
Dry lips  70 63 63 60 77 63 53 67 43 57 70 57 50 50 53 
Dry skin  43 40 47 37 57 40 27 30 23 40 43 43 30 43 37 
PD 
(%) 
Dry eyes  27 53 40 50 53 53 30 37 27 23 40 40 40 30 50 
 
PDs due to SBS and a summary of Chi-square test are shown in Table 5.29 and Table 
5.30 respectively. For the sensation of irritation, a negative vote in the range of No (0) to 




slight irritation (1) is considered as satisfactory. Beyond this range is considered 
dissatisfied. For the dry air sensation, a positive vote is considered as satisfactory. It was 
found that PDs due to SBS were not significantly affected by thermal gradients. PDs due 
to nose (p=0.013) and eyes (p=0.047) irritations were significantly affected by room air 
temperatures. The results confirm the earlier finding that irritations of nose and eyes 
decreased significantly with increase of room air temperature. In addition, PDs due to dry 
mouth, skin and eyes were significantly affected by room air temperatures (p=0.015, 
0.023 and 0.015 respectively). Moreover, at a room temperature of 20oC, PDs due to nose 
and eyes’ irritations as well as dry mouth were significantly affected by OTS (p<0.001, 
0.008 and <0.036 respectively). 
Table 5.30  Summary of Chi-square test for PDs due to SBS. 
 Gradient Temp. OTS OTS 
Stage 1 2 1 1 and 2 1 and 2 
OTS Neutral Cold Slightly warm Neutral
Cold, 
Neutral 
Neutral,   
Slightly 
warm 
Ta (oC) 20 23 26 20 26 20,23,26 20 26 




∆t (K/m) 1,3,5 1,3,5 1,3,5 1,3,5 1,3,5 1-5 1-5 1-5 
chi-square 0.900 2.707 1.071 0.000 1.450 8.687 14.406 1.624 Nose 
irritation p 0.638 0.258 0.585 1.000 0.484 0.013 <0.001 0.203 
chi-square 2.756 0.000 1.184 0.225 1.064 0.367 1.422 0.022 Throat  
irritation p 0.252 1.000 0.553 0.894 0.587 0.832 0.233 0.881 
chi-square 0.104 0.117 1.184 1.259 2.889 6.119 7.107 0.160 Eyes 
irritation p 0.949 0.943 0.553 0.533 0.236 0.047 0.008 0.689 
chi-square 1.165 3.214 0.623 0.090 2.223 0.920 2.135 0.160 Dry 
throat  p 0.559 0.200 0.732 0.956 0.329 0.631 0.144 0.689 
chi-square 0.287 0.833 0.814 0.356 3.258 8.370 4.410 0.000 Dry 
mouth  p 0.866 0.659 0.665 0.837 0.196 0.015 0.036 1.000 
chi-square 0.394 2.100 3.315 1.496 0.089 3.498 0.383 0.201 Dry lips p 0.821 0.350 0.191 0.473 0.957 0.174 0.536 0.654 
chi-square 0.271 2.790 0.341 0.091 1.148 7.566 0.023 2.080 Dry skin p 0.873 0.248 0.843 0.955 0.563 0.023 0.880 0.149 
chi-square 4.444 0.089 0.726 2.460 2.500 8.353 0.594 1.552 Dry 
eyes  p 0.108 0.956 0.696 0.292 0.287 0.015 0.441 0.213 





The results of this study showed that average votes of air dryness for most of the cases 
were on the dry side. This means that RH of 50% at 0.6 m height is too low for tropically 
acclimatized subjects. In addition, thermal gradients had no significant impact on PAQ, 
SBS and PDs with PAQ and SBS. Air dryness, irritations and freshness decreased with 
increase of room air temperature. One possible reason is that the average values of AH 
and enthalpy at breathing level increased with the increase of room air temperature for a 
fixed RH. Another possible reason is that the differences of AH and enthalpy for the cases 
at different room air temperatures were much higher than the differences for the cases at 
the same room air temperature for different temperature gradients. Moreover, the small 
difference of AH and enthalpy for different gradients was insufficient to be differentiated 
by the subjects. Therefore, thermal gradient had no significant impact on PAQ, SBS and 
PDs with PAQ and SBS. However, air dryness, irritations and air freshness significantly 
decreased with the increase of room air temperature due to substantial change of AH and 
enthalpy for cases with different room air temperature. Odor intensity and PD with odor 
were not significantly affected by room air temperatures. Room air temperatures had no 
significant impact on PAQ acceptability. The non-significant impact on PAQ acceptability 
may be due to the relatively small temperature range and the characteristics of tropical 
occupants. Another possible reason is that adaptation may occur so subjects still accept 
the air quality after a long period of exposure. 
In conclusion, temperature gradients had no significant impact on PAQ and SBS. This 
implies that a temperature gradient of 5 K/m would not have detrimental effects for 
tropically acclimatized occupants in terms of PAQ and SBS although it is beyond the 
restriction of 3K/m, as specified in present international standards. Odor intensity and 




PAQ acceptability were not significantly affected by room air temperatures. Air dryness, 
irritations and freshness decreased with increase of room air temperature. With a lower 
room temperature, room air is perceived fresher. On the other hand, energy consumption 
is higher. Clearly, optimum room condition needs to be explored in order to balance PAQ, 
thermal comfort and energy consumption in the space served by a DV system. 
The findings in this study indicated that room air temperatures had greater influence on 
overall and local thermal sensations and comfort than temperature gradients, as stated 
earlier. Local thermal discomfort decreased with the increase of room temperature at 
overall thermally neutral state. The impact of temperature gradients on percentage 
dissatisfied varied at different overall thermal sensations and air temperatures. Therefore, 
with a relatively higher room air temperature, thermal discomfort caused by temperature 
gradients was lower. Optimum room air temperature was found to be around 26oC in 
terms of thermal comfort. On the other hand, air freshness significantly decreased with 
the increase of room air temperature. Hence, other new techniques such as Personal 
Ventilation should be combined with a DV system in order to maintain a relatively low 
air temperature and high ventilation rate at breathing zone. Furthermore, it is worthy to be 
noted that there is discrepancy between thermal comfort and work performance. 
Numerous studies have shown that thermal load may negatively affect mental 
performance (Tham, 2004; Witterseh et al, 2004; Wyon, 1996). Warm thermal 
environment may lower arousal and a slower work rate. Optimal work performance may 
not occur under conditions providing optimal thermal comfort, as was found in an 
experiment by Pepler and Warner (1968) in which subjects performed best at 20oC, 
although most of them felt uncomfortably cold at this temperature, while they reported 
exerting the least effort and performed the least work at 26.7oC, at which temperature 
they were the most thermally comfortable. 




5.3 Assessment using a thermal manikin 
In a space served by a DV system, air temperature, air velocity, turbulence level, etc. at 
ankle level are always different from those at head level (Sandberg and Blomqvist, 1989). 
In a thermally non-uniform condition, overall thermal neutrality is not always sufficient 
to provide thermal comfort. Overall thermal comfort is experienced by the body in 
general and it is usually associated with a person’s energy balance in a given environment. 
On the contrary, local thermal comfort takes into consideration the comfort level of 
different body segments. Therefore, it is possible to be in thermal comfort at a global 
level but still feel some local discomfort (Wyon and Sandberg, 1996; Olesen et al, 1979; 
Fanger et al, 1989). This may be caused by an asymmetric radiant field, a local 
convective cooling of the body (draft), contact with a warm or cool floor, or by a vertical 
air temperature gradient. 
There are several variables of thermal stimulation that influence the magnitude of thermal 
sensation. Among the more important of variables are skin temperature, rate of change of 
the temperature, and the size of the area of skin over which the temperature change is 
applied. Indeed, Hensel (1982) suggested that warm and cold sensations can be expressed 
as a function of the temperature of the skin, the rate of change of skin temperature and the 
stimulation area. With the core temperature at a steady state, changes in the average skin 
temperature were the cause of all changes in whole body thermal sensation. Olesen and 
Fanger (1973) showed that the greatest non-uniformity of the skin temperature 
distribution over the body was partially due to lower temperature at the feet of a person, 
who was clothed in standard clothing (0.6 clo.) and cotton sweat socks (no shoes). When 
the subjects felt optimally comfortable, the trunk was the warmest segment of the body 
and extremities the coolest.  




In a thermally non-uniform environment, it is inaccurate to assess the environment using 
the conventional way by measuring several physical parameters including air temperature, 
air velocity, etc. Although thermal manikins are originally developed to measure thermal 
insulation of clothing, they have also been used to evaluate microclimate conditions 
served by different ventilation systems. The most significant performance feature of 
thermal manikins is their capability of providing rapid, accurate and reproducible 
simulation of human body heat exchanges. They do so by measuring convective, radiative 
and conductive heat losses over surface of the whole body in all directions. This 
distinctive performance feature makes thermal manikins particularly useful in assessing 
thermally non-uniform environment such as in the space served by a DV system.  
A few studies have been conducted on the evaluation of thermally non-uniform 
environment using a manikin. Wyon and Sandberg (1989) used a thermal manikin to 
predict discomfort due to DV systems. Thirty-six male and thirty-six female subjects 
wearing their normal preferred office clothing were randomly assigned to experimental 
conditions in a test room. The thermal manikin was exposed to the experimental 
conditions in the similar way with the subjects. Serious local discomfort was identified, 
usually “too cold”, and most of it was due to cold legs, ankles and feet. The results 
indicated Equivalent Homogeneous Temperature (EHT) (WB) = 25.1°C for preferred 
whole-body condition.  An optimum sectional air temperature of 24.4°C was suggested 
for the mean thermal sensation to be ‘neutral’ and a range 20.9°C < T < 28.0°C based on 
an 80% acceptability criterion was proposed.  
Tanabe et al (1994b) also developed a method for measuring thermally non-uniform 
environments using a thermal manikin with controlled skin surface temperature for an 
under-floor air distribution system. Equivalent temperature based on a thermal manikin 




was proposed to measure and evaluate the thermal environment. A method to calculate 
the PMV index from manikin heat loss was also given. Akimoto et al (1999) evaluated 
the performance of a floor-supply displacement air-conditioning system in comparison to 
a DV system with a sidewall-mounted supply unit and a ceiling-based distribution system. 
Thermal stratification was observed, as there was a greater vertical air temperature 
difference in both the displacement systems than in the ceiling-based system. It was also 
observed that the measured skin temperatures of the thermal manikin with both the 
displacement systems were slightly lower than those of the ceiling-based system. 
However, this is not considered too low to cause local thermal discomfort. 
Nielsen et al (2002) used a thermal manikin with 16 individually heated and controlled 
segments to assess the state of thermal comfort and local discomfort. The manikin was 
placed at different locations in a room served by both Mixing Ventilation (MV) and DV 
systems. The Equivalent Homogeneous Temperature (EHT) expressed the global thermal 
comfort at the location of the manikin. The average value of EHT for the DV system was 
23.9°C, which is slightly above the requirement for thermal comfort. The difference 
between the largest and the smallest EHT (∆EHT) for the elements of the manikin could 
be used as an indication of local discomfort due to the air temperature gradient, draft, 
turbulence, and un-symmetric radiation. It was found that temperature gradient seemed to 
be a large source of local discomfort in the space served by a DV system in comparison to 
an MV system.  
In another study, Nielsen et al (2003) compared mixing and displacement ventilation 
based on a maximum velocity assumption and a restricted vertical temperature gradient in 
the room. The results show that the office room can be designed to the same comfort level 
with respect to maximum velocity and maximum temperature gradient independent of the 




air distribution system. The two different systems are finally evaluated by measuring the 
variation of the Equivalent Homogeneous Temperature (EHT) at the manikin when it is 
exposed to the environment generated by the two systems. The difference between the 
largest and the smallest EHT measured for the segments of a manikin can be used as an 
indication of local discomfort due to the temperature gradient, draft, turbulence and 
asymmetric radiation. 
5.3.1 Thermal manikin 
The manikin used in the experiment is an average-sized female with 1.68 m standing 
height as shown in Figure 5.36. 
 
Figure 5.36  The thermal manikin. 




It is divided into 26 thermal segments that can be independently controlled and measured. 
Table 5.31 shows the 26 body segments and their respective surface areas. The manikin is 
controlled by software that has four control modes, namely, 
1. Only measuring - no heat, 
2. Heating to a fixed set point,  
3. Heating with fixed heat loss, 
4. Following a comfort equation. 
Table 5.31  Body segments and respective areas of the manikin. 
No Name of body segments Area (m²)
1 L. Foot 0.043 
2 R. Foot 0.043 
3 L. Low leg 0.09 
4 R. Low leg 0.09 
5 L. Front Thigh 0.085 
6 R. Front Thigh 0.088 
7 L. Back thigh 0.075 
8 R. Back thigh 0.078 
9 Pelvis 0.055 
10 Back side 0.11 
11 Skull 0.05 
12 L. face 0.0258 
13 R. Face 0.0258 
14 Back of neck 0.0248 
15 L. Hand 0.038 
16 R. Hand 0.037 
17 L. Forearm 0.05 
18 R. Forearm 0.05 
19 L. Upper arm out 0.0419 
20 R. Upper arm out 0.0436 
21 L. Upper arm in 0.0319 
22 R. Upper arm in 0.0336 
23 L. Chest 0.07 
24 R. Chest 0.07 
25 L. Back 0.065 
26 R. Back 0.065 
Total  1.479 




In the last mode, that is comfort mode, surface temperatures of various body segments of 
the thermal manikin follow a comfort equation and are allowed to change to adapt to the 
environment. So the manikin is always in a thermally neutral state. The comfort equation, 
which controls the surface temperature and heat output corresponding to a person in 
thermal comfort, is derived based on Fanger’s comfort criteria. 
ts QCt ×−= 4.36          Eq. (5-2) 
Where, ts is the skin surface temperature (oC), Qt is measured specific sensible heat loss 
(W/m2), C equals to 0.054 (m2 · oC/W). 
Based on this equation, the skin temperature of various segments adapts to the 
environmental conditions to maintain thermal neutrality. The manikin does so by 
compensating heat loss from the skin surface that will have caused a drop in the skin 
temperature with heat supplied to the heating elements at different segments. Hence, 
under steady conditions, the heat supplied to different segments is equivalent to the heat 
loss from the skin surface. Subsequently, the heat loss per unit skin surface can be derived 
from the surface area and electricity consumption of each segment. Each body segment 
has its own unique micro controller system that calculates the temperature of the entire 
surface by measuring the resistance of the nickel wire. In addition, it controls a power 
switch for heating and calculates the power consumption. The controllers at the various 
body segments are connected to a computer where measurements such as heat loss per 
unit skin surface and skin surface temperature are recorded approximately at every half 
minute interval. In addition, the mean surface temperature and the mean unit heat loss are 
also recorded. 




For Cases 1-9 in Stage 1, the seated manikin was controlled at thermal comfort mode and 
exposed to three room air temperatures (nominally 20, 23 and 26°C) at 0.6 m height with 
three vertical air temperature gradients (nominally 1, 3 and 5 K/m) between 0.1 and 1.1 m 
heights. At the thermal comfort mode, the skin temperatures of the manikin’s body 
segments follow the comfort equation and are allowed to change to adapt to the 
environment, so that the manikin is always thermally neutral. For Cases 10-15 in Stage 2, 
the manikin operated in fixed heat loss output of 65 and 35 W/m2 for Cases 10-12 and 13-
15 respectively. The manikin was exposed to room air temperatures of 20 and 26°C at 0.6 
m height with three vertical air temperature gradients of 1, 3 and 5 K/m between 0.1 and 
1.1 m heights. The manikin was dressed in three-quarter long pants and a three-quarter 
sleeves shirt with socks. The clothing value is 0.75 clo. 
5.3.2 Calibration of manikin-based equivalent temperature (Teq) of body 
segments 
Manikin-based equivalent temperature (Teq) is defined as the temperature of a uniform 
enclosure in which a thermal manikin with realistic skin surface temperatures would lose 
heat at the same rate as it would in the actual environment (Tanabe et al, 1994b). The 
local equivalent temperature is determined by the equation: 
teq QCT ⋅−= 4.36          Eq. (5-3) 
where: eqT  -    Manikin-based equivalent temperature, °C 
            C   -   Constant depending on clothing, posture, chamber characteristics, etc.,     
  K m2/W 




            tQ   -    Rate of heat loss, W/m
2. 
Table 5.32  Regression equations of Teq of body segments of the manikin. 
Body-segment 
No Name 
A (oC) B (K·m² / W) Teq (oC) 
1 L. Foot 36.065 0.230 Teq=36.065 - 0.230×Qt 
2 R. Foot 36.434 0.246 Teq=36.434 - 0.246×Qt 
3 L. Low leg 35.492 0.197 Teq=35.492 - 0.197×Qt 
4 R. Low leg 35.875 0.206 Teq=35.875 - 0.206×Qt 
5 L. Front Thigh 35.769 0.278 Teq=35.769 - 0.278×Qt 
6 R. Front Thigh 35.168 0.266 Teq=35.168 - 0.266×Qt 
7 L. Back thigh 34.726 0.290 Teq=34.726 - 0.290×Qt 
8 R. Back thigh 34.420 0.276 Teq=34.420 - 0.276×Qt 
9 Pelvis 33.130 0.314 Teq=33.130 - 0.314×Qt 
10 Back side 34.606 0.261 Teq=34.606 - 0.261×Qt 
11 Scull 34.620 0.156 Teq=34.620 - 0.156×Qt 
12 L. face 33.835 0.152 Teq=33.835 - 0.152×Qt 
13 R. Face 34.256 0.182 Teq=34.256 - 0.182×Qt 
14 Back of neck 33.510 0.177 Teq=33.510 - 0.177×Qt 
15 L. Hand 35.167 0.293 Teq=35.167 - 0.293×Qt 
16 R. Hand 34.360 0.257 Teq=34.360 - 0.257×Qt 
17 L. Forearm 34.607 0.365 Teq=34.607 - 0.365×Qt 
18 R. Forearm 35.054 0.348 Teq=35.054 - 0.348×Qt 
19 L. Upper arm out 36.672 0.371 Teq=36.672 - 0.371×Qt 
20 R. Upper arm out 35.287 0.331 Teq=35.287 - 0.331×Qt 
21 L. Upper arm in 34.155 0.365 Teq=34.155 - 0.365×Qt 
22 R. Upper arm in 34.529 0.335 Teq=34.529 - 0.335×Qt 
23 L. Chest 34.884 0.205 Teq=34.884 - 0.205×Qt 
24 R. Chest 34.309 0.227 Teq=34.309 - 0.227×Qt 
25 L. Back 34.977 0.265 Teq=34.997 - 0.265×Qt 
26 R. Back 34.751 0.516 Teq=34.751 - 0.516×Qt 
27 All 35.007 0.256 Teq=35.007 - 0.256×Qt 
The calibration of Teq was performed with the heated manikin dressed and positioned, as 
it was during the experiments. The manikin was exposed in the FEC to two equivalent 
temperatures (20 and 27.2°C) wearing the same clothing ensemble with the same posture 
as that during the experiments. Air temperatures and velocities were measured at 0.1, 0.6, 
0.8 and 1.1 m from floor level. Almost no vertical temperature difference was observed. 
Air movement was almost still during the experiments, and the average of the mean air 
velocities at the four heights was less than 0.1 m/s. Homogeneous conditions are achieved 




when the air temperature is equal to the mean radiant temperature, air temperature 
gradients and radiant temperature asymmetry in all three directions are negligible, air is 
still (natural convection only) and the air humidity is constant. Under this condition, Teq is 
equal to the air temperature. After steady conditions had been reached at the equivalent 
temperatures, the heat loss from each body segment was recorded and the values obtained 
were used to derive a linear function for each body segment: 
teq QBAT ⋅−=          Eq. (5-4) 
where BA, are constants, with the dimensions ºC and K⋅m2/W, respectively. The 
coefficients A and B that were obtained for each body segment are shown in Table 5.32. 
5.3.3 Manikin based equivalent temperature (Teq) 
The values of the Teq of body segments and overall body for Cases 1-9 in Stage 1 are 
presented in Appendix I. As the manikin was exposed to Cases 1 to 3 with temperature 
gradients of 1, 3 and 5 K/m respectively at a room temperature of 20oC in comfort mode, 
the values of Teq of the thighs and back were always the highest. A possible reason is the 
additional insulation of the chair. The Teq of the foot was always the lowest among the 
body segments. This may explain the earlier finding that the LPD of the foot was the 
highest among the lower body segments, as shown in Appendix G3. It was also found that 
the Teq of the foot at a temperature gradient of 5 K/m was lower than that at temperature 
gradients of 1 and 3 K/m. Similar observation was obtained for Cases 4 to 6 at a room 
temperature of 23oC and Cases 7 to 9 at a room temperature of 26oC.  




5.3.4 Skin surface temperature of the manikin 
5.3.4.1 Effects of temperature gradient and room air temperature on skin surface 



























Gradient 1 deg. 4.0 3.2 2.1 9.4 6.7
Gradient 3 deg. 3.9 3.3 2.2 9.0 7.0
Gradient 5 deg. 3.9 3.1 2.2 8.9 6.9
Comfort mode    
Ta=20 deg.
Comfort mode    
Ta=23 deg.
Comfort mode     
Ta=26 deg.
Heat loss: 65 W/m2 
Ta=20 deg.
Heat loss: 35 W/m2 
Ta=26 deg.
 
Figure 5.37  Fluctuation span of skin surface temperature for all cases. 
The overall average and different body segments’ skin surface temperatures of the 
manikin for all cases are displayed in Appendix J. Fluctuation span of skin surface 
temperature is defined as the difference of the highest and lowest values of skin surface 
temperature of the manikin among body segments in this study. The fluctuation spans of 
skin surface temperature for all cases are shown in Figure 5.37. For both comfort and 
fixed heat loss modes, the fluctuation spans of skin surface temperatures for the cases 
with temperature gradients of 1, 3 and 5 K/m were almost the same at a certain room air 
temperature. For thermal comfort mode, the largest fluctuation spans were observed at a 
room temperature of 20oC while the smallest were at a room temperature of 26oC. The 
fluctuation spans followed a decreasing trend with the increase of room temperature. 
With less fluctuation, the possibility of local discomfort decreased. Therefore, the results 




demonstrate that room air temperatures have greater influence on local thermal comfort 
than temperature gradients. The possibility of local discomfort decreases with the increase 
of room temperature at thermal comfort mode.  
For the fixed heat loss mode, larger fluctuation spans were observed for Cases 10 to 12 at 
a room temperature of 20oC with heat loss of 65 W/m2 than for Cases 13 to 15 at a room 
temperature of 26oC with heat loss of 35 W/m2. According to subjective study, for Cases 
10 to 12, cold OTS was achieved while for Cases 13 to 15, slightly warm OTS was 
achieved. This is in accordance with the finding that skin temperature variation amongst 
the different body segments was large in cold environment due to vasoconstriction, but 
much more uniform in warm environments (Houdas and Ring, 1982). The fluctuation 
spans at the fixed heat loss mode were much greater than at the comfort mode. Local 
thermal sensation and comfort are closely related with local skin surface temperatures. 
Hence, the results imply that the possibility of local discomfort at whole-body thermally 
neutral state is much lower than that at whole-body non-neutral state.  
5.3.4.2 Effect of average skin surface temperature of the manikin on Overall 
Thermal Sensation (OTS) 
Figure 5.38 shows overall average skin surface temperatures of the manikin and actual 
values of OTS for Cases 1 to 12. The results further showed that when subjects were in 
overall neutral sensation at room temperatures of 20 and 23oC, the corresponding average 
skin temperature of manikin was between 33 and 34oC. This is in accord with Fanger 
(1967)’s finding that skin temperatures associated with comfort at sedentary activities are 
between 33 to 34oC. However, the average skin temperatures were slightly higher than 
34oC at a room temperature of 26oC. It is likely that the clothing value for the manikin 
was 0.75, which is higher than the average clothing value of 0.64 that subjects had at 




room temperature of 26oC. Nevertheless, the results demonstrated that the actual values of 
OTS increased with the increase of average skin surface temperature of the manikin. A 
linear correlation (R2 = 0.850) between the actual value of OTS and average skin surface 
temperature is shown in Figure 5.38. 
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20 degree with comfort mode 23 degree with comfort mode
26 degree with comfort mode 20 degree with cold sensation  
Figure 5.38  Actual OST vs. average skin surface temperatures. 
5.3.4.3 Effect of fluctuation span of skin surface temperatures among body 
segments on Draft Rating (DR) and actual PD with any segment 
The values of DR and the fluctuation spans of skin surface temperatures among body 
segments at cold OTS were much higher than those at neutral OTS, as shown in Figure 
5.39. It can be speculated that a higher fluctuation span of skin surface temperatures 
among body segments may lead to a higher DR. One possible reason is that at overall 
neutral and cold sensations, the higher fluctuation of surface temperature is caused by 
lower surface temperatures of some body segments. So the body segments which 
experience colder local thermal sensation are vulnerable to draft risk. A linear correlation 
between the value of DR and fluctuation span of skin surface temperatures among body 
segments is obtained (R2 = 0.760). Similar observation was obtained that a higher 




fluctuation span of skin surface temperatures among body segments may lead to a higher 
percentage of body segments feeling uncomfortable. A linear correlation between the 
actual PD with any segment and the fluctuation span of skin surface temperatures among 
body segments is obtained (R2=0.84), as shown in Figure 5.40. 
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20 degree with comfort mode 23 degree with comfort mode
26 degree with comfort mode 20 degree with cold sensation  
 Figure 5.39  DR vs. fluctuation span of skin surface temperatures.  
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20 degree with comfort mode 23 degree with comfort mode
26 degree with comfort mode 20 degree with cold sensation  
Figure 5.40  Actual PD of any segment vs. fluctuation span of skin surface temperatures. 





The distribution of the manikin’s overall average and different body segments’ surface 
temperatures was investigated under different room temperatures and temperature 
gradients. The results showed that the fluctuation spans of skin surface temperatures for 
the cases with temperature gradients of 1, 3 and 5 K/m were almost the same at a certain 
room air temperature. On the contrary, for thermal comfort mode, the fluctuation spans 
followed a decreasing trend with the increase of room temperature. With less fluctuation 
of skin surface temperature, the possibility of local discomfort decreased. Therefore, the 
results demonstrate that room air temperatures have greater influence on local thermal 
comfort than temperature gradients. The possibility of local discomfort decreases with the 
increase of room temperature at thermal comfort mode. The findings from thermal 
manikin study concur with those from the subjective study. In the earlier subjective study, 
it was found that at neutral OTS, local thermal discomfort decreased with the increase of 
room air temperature and room air temperatures had greater impact on local thermal 
discomfort than temperature gradients. They are also supported by the finding of 
Ilmarinen et al (1992) and Palonen et al (1992) in which operative temperature was much 
more important than temperature gradient for thermal comfort in non-uniform thermal 
conditions.  
For the fixed heat loss mode, larger fluctuation spans were observed for Cases 10 to 12 
which cold OTS was achieved than for Cases 13 to 15 which slightly warm OTS was 
achieved. This is supported by the finding that skin temperature variation amongst the 
different body segments was large in cold environment due to vasoconstriction, but much 
more uniform in warm environments (Houdas and Ring, 1982). Moreover, the results 
showed that the fluctuation spans of skin surface temperature at the fixed heat loss mode 




were much greater than at the comfort mode. Local thermal sensation and comfort are 
closely related with local skin surface temperatures. Hence, the results imply that the 
possibility of local discomfort at whole-body thermally neutral state is much lower than 
that at whole-body non-neutral state. This is supported by the finding that common 
complaints in the space with a DV system resulted from an unsatisfactory overall thermal 
sensation other than the thermal asymmetry (Wyon, 1994; Gan, 1995). 
By correlating the subjective response with overall average surface temperature and the 
fluctuation span of skin surface temperatures among body segments, it was found that the 
actual values of OTS increased with the increase of overall average skin surface 
temperature. This is supported by Nielsen and Nielsen (1984)’s finding that general 
thermal sensation is closely related to mean body temperature. The results indicate that 
higher fluctuation span of skin surface temperature among body segments may lead to 
higher DR and percentage of subjects feeling uncomfortable.  
 




CHAPTER 6 CONCLUSIONS AND FUTURE WORK 
In displacement ventilated spaces, body segments of occupants experience different micro 
environments due to thermal asymmetry. Cold discomfort on feet, ankle and leg was 
often reported with Displacement Ventilation systems. The maximum vertical air 
temperature gradient stipulated by current standards (ASHRAE Standard 55, 2004; ISO 
7730, 1994) limits the capability of displacement flow systems to remove heat in the 
occupied zone. On the other hand, some research findings have demonstrated that the 
acceptable temperature gradient is higher than 3 K/m (Wyon and Sandberg, 1996; Zhang 
H. et al, 2005), which conflicts with the current standards. In addition, the influence of 
vertical air temperature difference in non-uniform thermal environments is still not 
sufficiently explored. The number of research on the relationship of overall thermal 
comfort and local thermal comfort of body segments is still limited, especially in 
conditions of non-uniformity. Therefore, one motivation of this study is to determine if 
the restriction can be relaxed in the tropical context. Another motivation is to broaden the 
basic knowledge of the relationship of overall thermal comfort and local thermal comfort 
of body segments in displacement ventilated spaces, especially in the tropics. 
Comprehensive subjective responses were collected from tropically acclimatized 
occupants in experimental chambers with different mock-up office layouts and analyzed 
extensively. The conclusions of this study will be elaborated against the background of 
the research objectives in the following section.  
6.1 Review and achievement of research objectives 
For tropically acclimatized sedentary occupants in displacement ventilated spaces: 





To study the influence of vertical air temperature gradients on overall and local thermal 
comfort at different room air temperatures (at 0.6 m height) for different overall thermal 
sensations. 
1. Room air temperatures have greater impact than temperature gradients on local 
thermal sensation and local thermal comfort of body segments. At neutral overall 
thermal sensation, local thermal discomfort decreases with the increase of room air 
temperature in the range of 20 to 26oC. 
2. Both local thermal sensation and overall thermal sensation have impact on local 
thermal comfort. At neutral overall thermal sensation, the calf and foot of the lower 
body segments prefer slightly warm sensation while the stomach, chest and back of 
the upper body segments prefer slightly cool sensation.  
3. Temperature gradients have no significant impact on draft perception.  
4. The investigation using thermal manikin shows that room air temperatures have 
greater influence on overall and local thermal sensations and comfort than 
temperature gradients. Local thermal discomfort decreases with the increase of room 
air temperature in the range of 20 to 26oC at neutral overall thermal sensation. The 
local discomfort is affected by overall thermal sensation and lower at neutral overall 
thermal sensation than at cold and cool overall thermal sensations. These findings are 
in line with the subjective results. The results also indicate that higher fluctuation span 
of skin surface temperature among body segments may lead to higher draft risk and 
percentage of subjects feeling uncomfortable.  
 





To explore the relationship among the percentage of local thermal discomfort, vertical air 
temperature gradients and room air temperatures (at 0.6 m height) when occupants are at 
different overall thermal sensations.  
1. The impact of temperature gradient on percentage dissatisfied is different at different 
overall thermal sensations and air temperatures. At neutral overall thermal sensation, 
only when room air temperature is substantially low, such as 20oC, values of 
percentage dissatisfied with overall body increase with the increase of temperature 
gradient. At overall cold and slightly warm sensations, values of percentage 
dissatisfied with overall body are not significantly affected by temperature gradients. 
This finding is an extension of Olesen et al (1979)’s work.  
2. At neutral overall thermal sensation, percentage dissatisfied with any segment, 
percentage dissatisfied with overall body, and local percentage dissatisfied with the 
hand, thigh, calf and foot are significantly affected by room air temperatures. 
3. Probabilities dissatisfied with any segment, overall body and body segments at 
different values of overall thermal sensation and room air temperatures were 
established. Probabilities dissatisfied established at different values of standard 
effective temperature could be used to predict the percentage dissatisfied with overall 
body and percentage dissatisfied with any segment. 
Third Objective: 
To investigate the relationship among the overall and local thermal sensations of body 
segments. 




The correlation of Overall Thermal Sensation (OTS) with Local Thermal Sensation (LTS) 
was established as follows: 
     OTS = 0.324×LTSarm + 0.264×LTScalf + 0.203×LTSfoot + 0.173×LTSback +   
      0.168×LTShand + 0.118, adjusted R2= 0.857 
The equation expresses that in a space served by a displacement ventilation system, the 
overall thermal sensation of subjects is mainly affected by the local thermal sensations at 
the arm, calf, foot, back and hand. Values of local thermal sensation of these body 
segments can be used to predict the overall thermal sensation. The overall thermal 
sensation is most sensitive to the values of local thermal sensation at the arm and calf. 
Fourth Objective: 
To investigate the influence of vertical air temperature gradients on perceived air quality 
at different room air temperatures (at 0.6 m height) for different overall thermal 
sensations. 
1. Temperature gradients have no significant impact on perceived air quality and sick 
building syndrome. This implies that a temperature gradient of 5 K/m would not have 
detrimental effects for tropically acclimatized occupants in terms of perceived air 
quality and sick building syndrome although it is beyond the restriction of 3K/m, as 
specified in present international standards.  
2. Odor intensity and perceived air quality acceptability are not significantly affected by 
room air temperatures.  
3. Air dryness, irritations and freshness decreased with the increase of room air 
temperature.  





To propose an optimum air temperature gradient in a displacement ventilated space in 
the tropics without sacrificing the occupants’ thermal comfort and perceived air quality. 
The results in this study indicate that room air temperatures have greater influence on 
overall and local thermal sensations and comfort than temperature gradients. Local 
thermal discomfort decreases with the increase of room temperature at overall thermally 
neutral state. Therefore, with a relatively higher room air temperature, thermal discomfort 
caused by temperature gradients is lower. Optimum room air temperature is found to be 
around 26oC in terms of thermal comfort. On the other hand, air freshness significantly 
decreases with the increase of room air temperature. Hence, other new techniques such as 
Personal Ventilation should be combined with a displacement ventilation system in order 
to maintain a relatively low air temperature and high ventilation rate at breathing zone. 
Furthermore, it is worthy to be noted that there is discrepancy between thermal comfort 
and work performance. Optimal work performance may not occur under conditions 
providing optimal thermal comfort. 
6.2 Verification of the hypotheses 
After achieving all the objectives, the hypotheses are verified as follows. 
Hypothesis 1: 
The influence of vertical air temperature gradients on overall and local thermal comfort 
at different room air temperatures (at 0.6m height) is different. In addition, the influence 
is affected by overall thermal sensations. 




The hypothesis is verified by following findings from this study. The impact of 
temperature gradients on overall thermal comfort was different at different values of 
overall thermal sensation and air temperature. Thermal gradient had no significant effect 
on overall thermal comfort at neutral and slightly warm overall thermal sensations. Only 
at a room air temperature of 20oC with cold overall thermal sensation, were values of 
overall thermal comfort significantly affected by temperature gradients. Room air 
temperatures had greater influence on overall and local thermal sensations and comfort 
than temperature gradients.  
Hypothesis 2: 
Vertical air temperature gradient of higher than 3 K/m is tolerable in the tropics in terms 
of overall thermal comfort. 
In the present study, it was found that at room air temperatures of between 23 and 26oC, 
even for temperature gradient of 5 K/m, subjects did not feel overall discomfort as long as 
they were in a thermally neutral state. This means tropically acclimatized subjects accept 
a temperature gradient as high as 5 K/m at room temperatures of 23 to 26oC as long as 
they are maintained at neutral overall thermal sensation. The finding from this study 
implies that maintaining occupants at neutral sensation and selecting appropriate room air 
temperature can reduce the detrimental thermal effect of temperature gradients in the 
space with a displacement ventilation system. 
Hypothesis 3: 
Vertical air temperature gradients have no significant impact on air dryness perception 
in the tropics. 




It was found that air dryness was not significantly affected by air temperature gradients 
but decreased with the increase of room air temperature. One possible reason is that the 
average values of absolute humidity and enthalpy at breathing level increased with the 
increase of room air temperature. The differences of absolute humidity and enthalpy for 
room air temperatures of 20 to 23oC and 23 to 26oC are much higher than those at the 
same room air temperature for different temperature gradients. Thus the small difference 
of absolute humidity and enthalpy for different gradients is insufficient to be 
differentiated by the subjects.  
6.3 Limitations 
This study has demonstrated the possibility of extending temperature gradient from 3 to 5 
K/m in a displacement ventilation environment in the tropics. This is confirmed by the 
distribution of overall average and mean surface temperatures of body segments of 
thermal manikin. However, there are some limitations in this study.  
The first limitation is that interactions among human and environments are so 
complicated that it is not possible to take into account all influential parameters. In this 
study, only college-age students including under graduates and post graduates were 
selected as subjects and the average age of the sample was around 23 years old. Due to 
limited funds, the sample size in the final study was 60. A bigger sample size will help to 
obtain more convincing findings. In addition, only sedentary work was included. In the 
experiment of the final study, relative humidity at 0.6 m height was fixed at 50%. So the 
effect of relative humidity in this study was not fully explored. Moreover, all subjects 
were seated away from the displacement ventilation supply units. The air velocity around 
the subjects was limited to less than 0.2 m/s. Therefore, the effect of velocity was 
neglected in this study. On the other hand, the Percentage Dissatisfied due to temperature 




gradients obtained in this study is actually an integrated effect of air movement and 
temperature gradient other than temperature gradient alone although the air velocity is 
intentionally kept as low as possible. 
Nevertheless, the findings of the study provide evidence that a temperature gradient up to 
5 K/m is acceptable for tropically acclimatized occupants in the space with a 
displacement ventilation system in the tropics. This will broaden the application scope 
and increase the energy-saving potential of the displacement ventilation system in the 
tropics. In addition, the correlation among percentage dissatisfied, vertical air temperature 
gradient, room air temperature (0.6 m) and overall thermal sensation would help 
practitioners of the displacement ventilation system in the tropical climate to determine 
the optimum room condition and supply air temperature with holistic consideration of 
thermal comfort, perceived air quality and energy consumption. 
6.4 Suggestions for future work 
The number of study on the environmental effects of temperature gradient in a non-
uniform environment served by a displacement ventilation system in the tropics is still 
limited. Research work on this topic may be expanded in the following ways.  
1. In this study, the effect of temperature gradient up to 5 K/m has been investigated in 
room air temperatures of 20 to 26oC. The effect of temperature gradient beyond 5 
K/m has not been studied in this study. It would be useful to study the thermal, 
perceived air quality and energy effect of temperature gradient beyond 5 K/m in the 
space served by a displacement ventilation system in the tropics. 
2. The integrated effect of a temperature gradient and air velocity should be investigated. 
To date, thermal effect of air movement and temperature gradient has not been 




systematically investigated. However, in the environment served by a displacement 
ventilation system, room air velocity and temperature gradient have mutual impacts 
on each other. In this study, air velocity was maintained at less than 0.2m/s. Different 
air velocity may lead to different results. Therefore, further research is needed to 
investigate the integrated effect of air velocity and temperature gradient in various 
combinations.  
3. The study on thermal, perceived air quality and energy effect of relative humidity is 
useful for the application of displacement ventilation system, especially in the tropics. 
In this study, relative humidity was controlled at 50%. Further study is needed to 
investigate the effect at different relative humidity levels.  
4. The findings of this study indicate that temperature gradients have different effects on 
thermal comfort and perceived air quality at different room air temperatures. With a 
relatively high room air temperature, thermal discomfort caused by temperature 
gradients can be reduced. On the other hand, air freshness significantly decreased with 
the increase of room air temperature. Personalized Ventilation may be useful to 
improve perceived air quality at a relatively high room air temperature. Therefore, a 
displacement ventilation system combining with other new technique such as a 
Personalized Ventilation system needs to be studied in future. 
5. In Fanger (1970)’s thermal comfort model, occupants are treated as a whole to 
exchange heat with the environment around in a steady state. In practice, due to un-
even distribution of clothing and non-uniform environment, body segments of 
occupants may have different heat transmissions with the environment around. 
Occupants are always in a transient state. Therefore, local thermal sensation and 
comfort of body segments in transient status need to be studied in a microclimate. 
Furthermore, to date, the knowledge of the mechanism of interaction on the local 




thermal sensation and comfort of body segments with whole-body overall thermal 
sensation and comfort is inadequate. Experts and researchers from physiology, 
psychology, physics and engineering should collaborate extensively to make progress 
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Appendix B  Details of experimental conditions 









temp (ºC) Temp (ºC) Humidity (%)
Flow 
rate(l/s) Average (ºC)
1 130 16.3 82 24.80 21.5 54.5 48 21.7
2 153 16.2 96 24.94 21.4 54.2 57 21.6
3 16.3 104 24.97 21.5 54.8 61 21.9
4 16.4 104 24.92 21.3 54.3 61 21.9
5 165 16.2 104 24.77 21.5 55.1 61 21.7
6 153 16.1 96 24.90 21.5 54.1 57 21.9









temp (ºC) Temp (ºC) Humidity (%)
Flow 
rate(l/s) Average (ºC)
1 305 21.02 243 24.47 22.53 56.9 62 22.9
2 335 20.79 273 24.25 22.42 54.9 62 22.8
3 306 20.99 245 24.50 22.39 53.1 61 23.1
4 305 21.14 243 24.40 22.58 55.4 62 23.1
5 305 20.90 248 24.56 22.51 55.5 57 23.1
6 305 21.10 250 24.43 22.54 54.9 55 23.0
Average 310 21.0 250 24.4 22.5 55.2 59.8 23.0





Supply air Return air




























Temp (ºC) Humidity (%)
Flow 
rate(l/s) Average (ºC)
1 440 16.3 353 25 21.8 44.0 87 22.9
2 694 21.2 618 24.6 22.6 76.0 76.1 23.3
3 363 20.6 286 26.6 25.0 60.0 76.9 25.8
Case
Supply air Return air Room air (0.6 m)
 
 
Appendix B.3  Details of experimental conditions for the final study 












Temp (ºC) Humidity (%)
Flow 
rate(l/s) Average (ºC)
1 651 16.9 564 22.8 20.3 52 87 20.7
2 361 15.2 278 23.6 20 50 83 20.7
3 265 12.3 177 24.4 19.9 50 88 20.6
4 611 20.2 522 25 22.9 54 89 23.7
5 315 18.4 224 26.1 23 51 91 23.8
6 181 15.9 102 26.7 23 51 79 23.9
7 500 24.3 416 27.5 26.1 53 84 26.7
8 219 21.4 132 29.1 26.2 51 87 26.7
9 142 17.5 69 29.1 25.9 53 73 26.8
10 667 16.7 581 22.6 20.1 51 86 20.5
11 368 15.1 281 23.6 20.2 51 87 20.7
12 269 12.1 187 24.4 20 52 82 20.8
13 494 24.2 407 28 26.1 52 88 26.8
14 211 21.5 124 29.1 26.2 53 87 26.8
15 139 17.6 66 28.8 25.9 52 73 26.9
Case





























Case 1 Case 2 Case 3  
















Case 1 Case 2 Case 3
 
Figure A.2 Profiles of air velocity for Cases 1, 2 and 3 
 
 




































Case 4 Case 5 Case 6  
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Case 7 Case 8 Case 9  
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Case 7 Case 8 Case 9  




















Case 10 Case 11 Case 12  
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Case 10 Case 11 Case 12  




















Case 13 Case 14 Case 15  
















Case 13 Case 14 Case 15  
















Case 13 Case 14 Case 15  















































































Appendix E Summary of statistical analysis in the final study 
Appendix E.1   Summary of statistical analysis of LTS at the same air temperature 
Mean S.D. Mean S.D. p-value
1.15 0.05 1.12 0.10
Head -0.27 0.52 -0.20 0.48 0.536
Back 0.20 0.66 0.27 0.74 0.690
Chest 0.27 0.52 0.23 0.68 0.787
Stomach 0.20 0.55 0.27 0.64 0.573
Right Arm 0.07 0.58 0.03 0.72 0.823
Left Arm 0.10 0.55 0.03 0.72 0.645
Right Hand -1.03 0.85 -0.80 1.00 0.315
Left Hand -1.03 0.85 -0.80 1.00 0.315
Right Thigh -0.40 0.67 -0.27 0.94 0.580
Left Thigh -0.43 0.68 -0.27 0.94 0.493
Right Calf -0.83 0.75 -1.00 0.98 0.502
Left Calf -0.83 0.75 -0.97 0.96 0.588
Right Foot -1.33 0.76 -1.67 0.99 0.096
Left Foot -1.33 0.76 -1.67 0.99 0.096
Thermal Sensation
Cold (-3), Hot (+3)
Clo value
1 3
∆t = 1.4oC ∆t = 4.9oC
RH = 52% RH = 50%
Case
Tr = 20.3
oC Tr = 19.9
oC






Mean S.D. Mean S.D. p-value
0.91 0.08 0.89 0.07
Head -0.25 0.68 -0.10 0.55 0.161
Back 0.06 0.77 0.13 0.82 0.344
Chest -0.06 0.77 0.03 0.81 0.502
Stomach 0.00 0.73 -0.07 0.74 0.690
Right Arm -0.31 0.79 -0.03 0.72 0.182
Left Arm -0.31 0.79 -0.03 0.72 0.182
Right Hand -0.94 0.68 -0.47 0.63 0.039
Left Hand -0.94 0.68 -0.50 0.63 0.071
Right Thigh -0.19 0.83 -0.20 0.81 0.722
Left Thigh -0.19 0.83 -0.20 0.81 0.722
Right Calf -0.88 0.72 -0.73 0.69 0.677
Left Calf -0.88 0.72 -0.73 0.69 0.677
Right Foot -0.94 1.00 -0.97 0.72 0.865




Cold (-3), Hot (+3)
Thermal Sensation
Clo value
Neutral OTS Neutral OTS
Tr = 22.9
oC Tr = 23.0
oC
∆t = 1.3oC ∆t = 4.9oC






Mean S.D. Mean S.D. p-value
0.64 0.06 0.63 0.06
Head -0.13 0.43 0.03 0.41 0.134
Back 0.03 0.76 0.23 0.63 0.312
Chest 0.00 0.64 0.23 0.57 0.165
Stomach -0.03 0.61 0.23 0.50 0.083
Right Arm -0.03 0.56 0.00 0.53 0.823
Left Arm -0.03 0.56 0.03 0.49 0.645
Right Hand -0.07 0.69 0.03 0.49 0.501
Left Hand -0.07 0.69 0.00 0.53 0.662
Right Thigh 0.03 0.78 0.27 0.58 0.243
Left Thigh 0.03 0.76 0.27 0.58 0.243
Right Calf -0.07 0.69 -0.03 0.56 0.823
Left Calf -0.10 0.71 0.00 0.59 0.541
Right Foot -0.07 0.83 -0.03 0.81 0.869
Left Foot -0.07 0.83 -0.03 0.81 0.869





oC Tr = 25.9
oC
∆t = 1.0oC ∆t = 4.8oC
RH = 53% RH = 53%
Case
9






Mean S.D. Mean S.D. p-value
0.73 0.10 0.77 0.09
Head -1.10 0.96 -0.70 0.88 0.108
Back -1.23 1.10 -0.90 1.09 0.217
Chest -1.23 1.04 -0.77 1.01 0.060
Stomach -1.00 1.17 -0.80 1.03 0.483
Right Arm -1.93 0.87 -1.27 1.14 0.007
Left Arm -1.87 0.97 -1.27 1.14 0.024
Right 
Hand -2.47 0.86 -2.03 1.00 0.089
Left Hand -2.43 0.86 -2.03 1.00 0.112
Right 
Thigh -1.47 0.90 -1.00 0.98 0.065
Left Thigh -1.50 0.90 -1.03 0.96 0.070
Right Calf -1.97 0.56 -1.67 0.92 0.130
Left Calf -2.00 0.59 -1.67 0.92 0.096
Right Foot -2.20 1.03 -2.17 0.91 0.737
Left Foot -2.20 1.03 -2.17 0.91 0.737





oC Tr = 20.0
oC
∆t = 1.3oC ∆t = 4.9oC
RH = 51% RH = 52%
Case
12






Mean S.D. Mean S.D. p-value
0.82 0.13 0.80 0.11
Head 0.30 0.47 0.50 0.63 0.175
Back 0.87 0.63 0.97 0.56 0.572
Chest 0.80 0.66 1.00 0.45 0.279
Stomach 0.77 0.68 0.97 0.49 0.227
Right Arm 0.77 0.63 0.83 0.53 0.644
Left Arm 0.77 0.63 0.83 0.53 0.644
Right Hand 0.33 0.61 0.50 0.68 0.326
Left Hand 0.33 0.61 0.47 0.68 0.423
Right Thigh 0.63 0.72 0.90 0.55 0.118
Left Thigh 0.63 0.72 0.90 0.55 0.118
Right Calf 0.57 0.82 0.53 0.68 0.845
Left Calf 0.50 0.82 0.57 0.68 0.690
Right Foot 0.63 0.76 0.57 0.63 0.665
Left Foot 0.63 0.76 0.57 0.63 0.665





oC Tr = 25.9
oC
∆t = 1.3oC ∆t = 4.6oC
RH = 52% RH = 52%
Case
15














Appendix E.2   Summary of statistical analysis of LTS at the same gradient 
Mean S.D. Mean S.D. p-value
1.15 0.05 0.64 0.06
Head -0.27 0.52 -0.13 0.43 0.293
Back 0.20 0.66 0.03 0.76 0.378
Chest 0.27 0.52 0.00 0.64 0.103
Stomach 0.20 0.55 -0.03 0.61 0.149
Right Arm 0.07 0.58 -0.03 0.56 0.522
Left Arm 0.10 0.55 -0.03 0.56 0.380
Right Hand -1.03 0.85 -0.07 0.69 <0.001
Left Hand -1.03 0.85 -0.07 0.69 <0.001
Right Thigh -0.40 0.67 -0.27 2.00 0.129
Left Thigh -0.43 0.68 0.03 0.76 0.020
Right Calf -0.83 0.75 -0.07 0.69 0.001
Left Calf -0.83 0.75 -0.10 0.71 0.001
Right Foot -1.33 0.76 -0.07 0.83 <0.001




Cold (-3), Hot (+3)
Thermal Sensation
Clo value
Neutral OTS Neutral OTS
Tr = 20.3
oC Tr = 26.1
oC
∆t = 1.4oC ∆t = 1.0oC









Mean S.D. Mean S.D. p-value
1.13 0.09 0.64 0.06
Head -0.27 0.52 0.13 0.35 0.003
Back 0.17 0.59 0.23 0.50 0.702
Chest 0.10 0.61 0.20 0.48 0.557
Stomach 0.13 0.51 0.21 0.41 0.614
Right Arm -0.07 0.69 0.13 0.51 0.227
Left Arm -0.07 0.69 0.13 0.51 0.227
Right Hand -1.00 0.79 0.13 0.63 <0.001
Left Hand -1.00 0.79 0.13 0.63 <0.001
Right Thigh -0.23 0.73 0.30 0.53 0.007
Left Thigh -0.23 0.73 0.27 0.52 0.014
Right Calf -0.97 0.67 0.07 0.69 <0.001
Left Calf -0.97 0.67 0.07 0.69 <0.001
Right Foot -1.40 0.67 0.03 0.76 <0.001




Cold (-3), Hot (+3)
Thermal Sensation
Clo value
Neutral OTS Neutral OTS
Tr = 20.0
oC Tr = 26.2
oC
∆t = 3.0oC ∆t = 3.1oC






Mean S.D. Mean S.D. p-value
1.12 0.10 0.63 0.06
Head -0.20 0.48 0.03 0.41 0.050
Back 0.27 0.74 0.23 0.63 0.869
Chest 0.23 0.68 0.23 0.57 1.000
Stomach 0.27 0.64 0.23 0.50 0.845
Right Arm 0.03 0.72 0.00 0.53 0.856
Left Arm 0.03 0.72 0.03 0.49 1.000
Right Hand -0.80 1.00 0.03 0.49 <0.001
Left Hand -0.80 1.00 0.00 0.53 <0.001
Right Thigh -0.27 0.94 0.27 0.58 0.021
Left Thigh -0.27 0.94 0.27 0.58 0.021
Right Calf -1.00 0.98 -0.03 0.56 <0.001
Left Calf -0.97 0.96 0.00 0.59 <0.001
Right Foot -1.67 0.99 -0.03 0.81 <0.001
Left Foot -1.67 0.99 -0.03 0.81 <0.001
Case
Thermal Sensation
Cold (-3), Hot (+3)
Clo value
3 9
Neutral OTS Neutral OTS
Tr = 19.9
oC Tr = 25.9
oC
∆t = 4.9oC ∆t = 4.8oC
RH = 50% RH = 53%
 









Appendix E.3   Summary of statistical analysis of LTC at the same air temperature   
Mean S.D. Mean S.D. p-value
1.15 0.05 1.12 0.10
Head -0.33 0.48 -0.23 0.50 0.375
Back 0.30 0.65 0.27 0.64 0.831
Chest 0.23 0.63 0.40 0.62 0.202
Stomach 0.23 0.57 0.40 0.56 0.169
Right Arm 0.03 0.67 0.07 0.74 0.856
Left Arm 0.03 0.67 0.07 0.74 0.856
Right Hand -0.93 0.69 -0.70 0.99 0.293
Left Hand -0.93 0.69 -0.70 0.99 0.293
Right Thigh -0.30 0.70 -0.23 0.90 0.769
Left Thigh -0.37 0.76 -0.23 0.90 0.555
Right Calf -0.73 0.78 -1.03 0.89 0.184
Left Calf -0.77 0.82 -1.00 0.87 0.293
Right Foot -1.20 0.81 -1.57 0.94 0.062
Left Foot -1.20 0.81 -1.57 0.94 0.062
Thermal Comfort
Much Too Cold (-3),
Much Too Hot (+3)
Clo value
1 3
∆t = 1.4oC ∆t = 4.9oC
RH = 52% RH = 50%
Case
Neutral OTS Neutral OTS
Tr = 20.3










Mean S.D. Mean S.D. p-value
0.91 0.08 0.89 0.07
Head -0.31 0.60 -0.17 0.53 0.169
Back 0.06 0.77 0.13 0.78 0.182
Chest 0.00 0.73 0.07 0.78 0.378
Stomach 0.06 0.77 0.07 0.74 0.283
Right Arm -0.44 0.89 -0.07 0.74 0.057
Left Arm -0.44 0.89 -0.07 0.74 0.057
Right 
Hand -0.69 0.87 -0.47 0.78 0.214
Left Hand -0.69 0.87 -0.47 0.78 0.214
Right 
Thigh -0.31 0.87 -0.20 0.71 0.610
Left Thigh -0.31 0.87 -0.20 0.71 0.610
Right Calf -0.88 0.72 -0.70 0.65 0.839
Left Calf -0.88 0.72 -0.70 0.65 0.839
Right Foot -0.88 0.81 -1.07 0.69 0.297
Left Foot -0.88 0.81 -1.07 0.69 0.297
Much Too Cold (-3),






Neutral OTS Neutral OTS
Tr = 22.9
oC Tr = 23.0
oC
∆t = 1.3oC ∆t = 4.9oC






Mean S.D. Mean S.D. p-value
0.64 0.06 0.63 0.06
Head -0.13 0.51 0.17 0.53 0.037
Back 0.03 0.81 0.23 0.63 0.312
Chest 0.10 0.61 0.23 0.57 0.423
Stomach 0.07 0.64 0.23 0.50 0.305
Right Arm 0.00 0.59 0.00 0.59 1.000
Left Arm 0.00 0.59 0.00 0.59 1.000
Right 
Hand -0.07 0.69 0.00 0.59 0.702
Left Hand -0.07 0.69 0.00 0.59 0.702
Right 
Thigh 0.10 0.71 0.23 0.63 0.489
Left Thigh 0.07 0.69 0.20 0.61 0.475
Right Calf -0.13 0.73 0.03 0.56 0.283
Left Calf -0.13 0.73 0.07 0.52 0.184
Right Foot -0.07 0.78 0.00 0.83 0.758
Left Foot -0.07 0.78 0.00 0.83 0.758
Case
9
Much Too Cold (-3),




Neutral OTS Neutral OTS
Tr = 26.1
oC Tr = 25.9
oC
∆t = 1.0oC ∆t = 4.8oC






Mean S.D. Mean S.D. p-value
0.73 0.10 0.77 0.09
Head -1.07 0.87 -0.67 0.76 0.062
Back -1.10 0.99 -0.80 0.96 0.231
Chest -1.10 0.92 -0.67 0.88 0.051
Stomach -1.03 0.89 -0.70 0.88 0.115
Right Arm -1.70 0.92 -1.27 1.05 0.062
Left Arm -1.70 0.92 -1.17 1.02 0.026
Right 
Hand -2.37 0.72 -2.00 0.98 0.070
Left Hand -2.27 1.05 -2.00 0.98 0.301
Right 
Thigh -1.33 0.76 -0.97 0.85 0.110
Left Thigh -1.33 0.76 -1.00 0.83 0.134
Right Calf -1.80 0.71 -1.67 0.66 0.475
Left Calf -1.80 0.71 -1.67 0.66 0.475
Right Foot -2.20 0.81 -2.13 0.86 0.763
Left Foot -2.20 0.81 -2.13 0.86 0.763
Case
12
Much Too Cold (-3),




Cold OTS Cold OTS
Tr = 20.1
oC Tr = 20.0
oC
∆t = 1.3oC ∆t = 4.9oC






Mean S.D. Mean S.D. p-value
0.82 0.13 0.80 0.11
Head 0.33 0.48 0.63 0.67 0.071
Back 0.80 0.55 0.97 0.56 0.283
Chest 0.73 0.52 0.97 0.49 0.129
Stomach 0.70 0.53 0.90 0.55 0.184
Right Arm 0.70 0.47 0.80 0.61 0.439
Left Arm 0.70 0.47 0.80 0.61 0.439
Right Hand 0.40 0.50 0.53 0.68 0.354
Left Hand 0.43 0.50 0.53 0.68 0.476
Right Thigh 0.57 0.57 0.83 0.53 0.073
Left Thigh 0.57 0.57 0.80 0.55 0.106
Right Calf 0.47 0.63 0.53 0.63 0.869
Left Calf 0.43 0.63 0.53 0.63 0.499
Right Foot 0.53 0.57 0.60 0.67 0.702
Left Foot 0.50 0.63 0.60 0.67 0.586
Case
15
Much Too Cold (-3),




Slightly warm OTS Slightly warm OTS
Tr = 26.1
oC Tr = 25.9
oC
∆t = 1.3oC ∆t = 4.6oC










Appendix E.4   Summary of statistical analysis of LTC at the same gradient 
Mean S.D. Mean S.D. p-value
1.15 0.05 0.64 0.06
Head -0.33 0.48 -0.13 0.51 0.136
Back 0.30 0.65 0.03 0.81 0.187
Chest 0.23 0.63 0.10 0.61 0.442
Stomach 0.23 0.57 0.07 0.64 0.326
Right Arm 0.03 0.67 0.00 0.59 0.851
Left Arm 0.03 0.67 0.00 0.59 0.851
Right Hand -0.93 0.69 -0.07 0.69 <0.001
Left Hand -0.93 0.69 -0.07 0.69 <0.001
Right Thigh -0.30 0.70 0.10 0.71 0.031
Left Thigh -0.37 0.76 0.07 0.69 0.030
Right Calf -0.73 0.78 -0.13 0.73 0.006
Left Calf -0.77 0.82 -0.13 0.73 0.006
Right Foot -1.20 0.81 -0.07 0.78 <0.001




Much Too Cold (-3),
Much Too Hot (+3)
Clo value
Thermal Comfort
Neutral OTS Neutral OTS
Tr = 20.3
oC Tr = 26.1
oC
∆t = 1.4oC ∆t = 1.0oC












Mean S.D. Mean S.D. p-value
1.13 0.09 0.64 0.06
Head -0.17 0.53 0.13 0.35 0.013
Back 0.20 0.61 0.30 0.60 0.548
Chest 0.10 0.61 0.23 0.57 0.430
Stomach 0.10 0.55 0.27 0.58 0.325
Right Arm 0.00 0.74 0.20 0.61 0.268
Left Arm 0.00 0.74 0.20 0.61 0.268
Right Hand -1.00 0.87 0.17 0.70 <0.001
Left Hand -1.03 0.89 0.17 0.70 <0.001
Right Thigh -0.17 0.75 0.23 0.50 0.037
Left Thigh -0.13 0.73 0.20 0.48 0.086
Right Calf -0.80 0.71 0.03 0.61 0.001
Left Calf -0.80 0.71 0.03 0.61 0.001
Right Foot -1.13 0.78 0.10 0.80 <0.001




Much Too Cold (-3),
Much Too Hot (+3)
Clo value
Thermal Comfort
Neutral OTS Neutral OTS
Tr = 20.0
oC Tr = 26.2
oC
∆t = 3.0oC ∆t = 3.1oC













Mean S.D. Mean S.D. p-value
1.12 0.10 0.63 0.06
Head -0.23 0.50 0.17 0.53 0.005
Back 0.27 0.64 0.23 0.63 0.851
Chest 0.40 0.62 0.23 0.57 0.326
Stomach 0.40 0.56 0.23 0.50 0.283
Right Arm 0.07 0.74 0.00 0.59 0.745
Left Arm 0.07 0.74 0.00 0.59 0.745
Right Hand -0.70 0.99 0.00 0.59 0.004
Left Hand -0.70 0.99 0.00 0.59 0.004
Right Thigh -0.23 0.90 0.23 0.63 0.041
Left Thigh -0.23 0.90 0.20 0.61 0.056
Right Calf -1.03 0.89 0.03 0.56 <0.001
Left Calf -1.00 0.87 0.07 0.52 <0.001
Right Foot -1.57 0.94 0.00 0.83 <0.001
Left Foot -1.57 0.94 0.00 0.83 <0.001
Case
Thermal Comfort
Much Too Cold (-3),
Much Too Hot (+3)
Clo value
3 9
Neutral OTS Neutral OTS
Tr = 19.9
oC Tr = 25.9
oC
∆t = 4.9oC ∆t = 4.8oC





Appendix F Correlations of LTC with LTS of body segments at different values    
  of OTS 
 
y = 0.8023x - 0.0211
R2 = 0.604
y = 0.8081x - 0.1192
R2 = 0.8045
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  
Figure A.19 LTC vs. LTS at the head 
y = 0.8119x + 0.0443
R2 = 0.6616
y = 0.8054x - 0.1143
R2 = 0.7416
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  





y = 0.8504x + 0.0594
R2 = 0.6909
y = 0.813x - 0.0779
R2 = 0.7792
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  
Figure A.21 LTC vs. LTS at the chest 
 
y = 0.8445x + 0.0596
R2 = 0.6774
y = 0.6901x - 0.2183
R2 = 0.6689
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  






y = 0.9076x - 0.0125
R2 = 0.6986
y = 0.8061x - 0.179
R2 = 0.701









-3 -2 -1 0 1 2 3









   
 m
Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  
Figure A.23 LTC vs. LTS at the arm 
 
y = 0.9035x - 0.0093
R2 = 0.7758
y = 0.8231x - 0.332
R2 = 0.6974
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  






y = 0.8323x - 0.0097
R2 = 0.7508
y = 0.6724x - 0.3263
R2 = 0.5873
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  
Figure A.25 LTC vs. LTS at the thigh 
 
y = 0.8533x - 0.0479
R2 = 0.7789
y = 0.6337x - 0.6043
R2 = 0.5253
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Neutral OTS Cold OTS Slightly warm OTS
Linear (Neutral OTS) Linear (Cold OTS) Linear (Slightly warm OTS)  





y = 0.8364x - 0.0654
R2 = 0.7403
y = 0.7715x - 0.4471
R2 = 0.7016
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Appendix G LPD with body segments in the final study 
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Figure A.29 LPD with the lower body segments due to warm sensation. 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 
Stage  1 2 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 



























































Figure A.31 LPD with the lower body segments due to cold sensation. 
 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 
Stage  1 2 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 

























































Figure A.33 LPD with the lower body segments due to both warm and cold 
sensations. 
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 
Stage  1 2
∆t (K/m) 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 
Ta (oC) 20 23 26 20 26 





Appendix H Probability dissatisfied with body segments at different values of LTS 
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Figure A.46 Profiles of manikin skin surface temperature at a room air 
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Figure A.47 Profiles of manikin skin surface temperature at a room air 
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Figure A.48 Profiles of manikin skin surface temperature at a room air 
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Figure A.49 Profiles of manikin skin surface temperature at a temperature 
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Figure A.50 Profiles of manikin skin surface temperature at a temperature 
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Figure A.51 Profiles of manikin skin surface temperature at a temperature 
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